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Psychiatric disorders are becoming an increasing problem and possess a socio-economic 
burden on societies worldwide. There has been an association between inflammation and 
psychiatric disorders for some time now, but the causal relationships and mechanisms are not 
fully understood yet. Better understanding of those mechanisms could help us in dividing 
patients into different mechanistic subtypes which could react differently to a treatment. That 
way we could prescribe the most effective treatment depending on the mechanism involved. 
Inflammation is sensitizing an individual to react in more pro-inflammatory fashion to a 
stressor leading to chronically inflamed states. This is something that we can observe in an 
array of mechanisms, which creates many positive inflammatory feedback loops. Those 
feedback loops are very hard to interrupt, because they reinforce each other, plus the immune 
system is overreacting to subsequent stressor creating a vicious cycle. This could potentially 
lead to development of neurodegenerative diseases. As it turns out, physical activity acts on 
several of those mechanisms involved in inflammatory feedback loops at the same time, 
making it an ideal prevention/treatment candidate. It plays a huge role in regulation of 
inflammation in anti-inflammatory manner and might be one of the ways to prevent and treat 
patients with psychiatric disorders such as major depressive disorder as well as 
neurodegenerative diseases. This thesis is going to explore relationship between inflammation 
and mental health. Possible causal relationships between inflammation and psychiatric 
disorders will be discussed. Mechanisms involved in inflammation regulation, effects of 
physical activity and inflammation induced pathology observed in psychiatric disorders will 
be described. 
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Psychiatrická onemocnění jsou stále větší problém a způsobují obrovskou socio-ekonomickou 
zátěž na společnost po celém světě. Asociace mezi psychiatrickými onemocněními a zánětem 
jsou známy již po nějakou dobu, avšak stále nejsou zcela pochopeny mechanistické a kauzální 
vztahy. Lepší porozumění těmto mechanismům může vést k rozdělení pacientů do různých 
skupin podle mechanismů, které by mohly reagovat odlišně na danou léčbu. Na základě 
tohoto rozdělení bychom mohli stanovit tu nejefektivnější léčbu. Zánětlivost dělá jedince 
citlivější a díky tomu pak následně reaguje více pro-zánětlivým způsobem na další příchozí 
stresory, což pak vede ke chronicky zvýšené zánětlivosti. Tohle je něco, co můžeme 
pozorovat v celém spektru mechanismů, které vytvářejí pozitivní zpětnovazebné smyčky. 
Tyto smyčky se velice těžko přerušují, protože se navzájem podporují, když k tomu přidáme 
organismus, který přehnaně reaguje na další stresory, vytváří to začarovaný kruh. 
Potencionálně to může vést k vývoji neurodegenerativních onemocnění. Jak se ukazuje, 
fyzická aktivita je v najednou ovlivňuje několik mechanismů zapojených v zánětlivých 
procesech a zpětnovazebných smyčkách, a to z ní dělá ideálního kandidáta na prevenci a 
léčbu. Hraje velmi důležitou roli v proti-zánětlivých procesech a mohl by to být jeden ze 
způsobů, jak léčit pacienty s psychiatrickými onemocněními jako je depresivní porucha, nebo 
neurodegenerativní onemocněními. Tahle práce se bude zabývat vztahem mezi zánětlivostí a 
mentálním zdravím. Oddiskutujeme možným kauzální vztah mezi zánětlivostí a 
psychiatrickými onemocněními.  Také se pokusíme objasnit účinky fyzické aktivity na 
zánětlivost a na zánětlivostí vyvolané patologie, které můžeme pozorovat u psychiatrických 
onemocnění. 
Key words: 
Inflammation, psychiatric disorders, neuroinflammation, exercise, chronic inflammation, 
kynurenine, SIRT1, interleukin 6, brain derived neurotrophic factor
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1 Table of abbreviations
CRH - activating corticotropin-releasing hormone 
AD - Alzheimer’s disease 
Aß - amyloid beta 
BDNF - Brain derived neurotrophic factor 
CNS - central nervous system 
CSF - cerebral spinal fluid 
CRP - C-reactive protein 
DAMP - damage-associated molecular patterns 
FNDC5 - fibronectin type III domain-containing protein 5 
GC - glucocorticoids 
HPA - hypothalamic-pituitary-adrenal 
IR- immune reaction  
IDO - indoleamine 2,3-dioxygenase  
IFN- γ - interferon gamma  
IFN- β - interferon β  
IFN-α - interferon-α  
IL-10 - interleukin 10  
Il-1β - interleukin 1β 
IL-6 - interleukin 6 
KAT - kynurenine aminotranferase 
KP - kynurenine pathway  
KYNA - kynurenic acid  
LPS - lipopolysaccharide 
MDD - major depressive disorder 
miRNA - microRNA 
NMDA - N-methyl-D-aspartate 
Nrf2 - nuclear factor erythroid 2–related factor 2  
NF-κB - nucleat factor κB  
PA - physical activity  
PRR - pattern recognition receptors 
PAMP - pattern-associated molecular patterns  
PGC - peroxisome proliferator-activated receptor-gamma coactivator  
PTSD - post-traumatic stress disorder  
PFC - prefrontal cortex  
QUIN - quinolinic acid  
ROS - reactive oxygen species 
RSD - repeated social defeat  
SSRI - selective serotonin reuptake inhibitors 
SIRT1 - silencing information regulator 
STAMP-2 - six-transmembrane protein of prostate 2 
SNS - sympathetic nervous system  
TrkB - tropomyosin-related kinase B 
TNFα - tumor necrosis factor α   
VEGF - vascular endothelial growth factor   
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2 Introduction 
Depression and anxiety disorders are globally estimated that as much as 8% of the 
population and 16% of Americans are affected at least once during their lifetime. It is also one 
of the leading causes of disability worldwide (James et al., 2018). These disorders may be 
perceived as a less of a problem for the individual and society than many other medical 
conditions, but quality of life of these individuals is often lower than of those with other 
medical conditions (Bonicatto et al., 2001). This possesses a huge socioeconomic burden on 
societies worldwide (Sartorius, 2001; Greenberg et al., 2015). Current most frequent 
treatment of psychiatric disorders is pharmacological. Although this treatment is having some 
success, it often has side effects and in many cases is not much more successful than placebo 
(Cipriani et al., 2016, 2018). The response rate is around 50% and remission rate around 30% 
to the treatment (Trivedi et al., 2006). There is an increasing evidence of inadequate 
activation of immune system in psychiatric disorders which might be one of the underlying 
mechanisms. Inflammation has been suggested to play a role in these disorders. There are 
already known associations between inflammatory markers and psychiatric disorders (Dowlati 
et al., 2010; Khandaker et al., 2015;Grzybkowska, Anczykowska, Pyczek, & Żychowska, 
2018), but causal links are yet to be fully understood and established. This thesis is going to 
focus on exploration and elucidation of some of the potential causal relationships. 
2.1 Inflammation 
Inflammation is something we would not be able to live without. It plays a major role in 
our immune system, repair tissue damage as well as protect us from pathogens. As with 
anything, too much of one thing is a bad thing and inflammation is not an exception. If the 
inflammatory stimulus is resolved, homeostasis and normal function prevail, though when it 
is not the chronic inflammatory state occurs, it is detrimental to our health as we can see in 
many auto-immune diseases where that happens. Literature is pointing towards inflammation 
as being part of the root cause of many diseases including mood and psychiatric disorders. 
The challenge here is to establish what causes what and how that might potentially help us in 
treating those disorders. Physical activity (PA) plays a huge role in regulating many different 
aspects of our physiology including endocrine system and immune function. As it turns out 
PA might be a potential prevention tactic and part of a treatment of psychiatric and 
neurodegenerative diseases with minimal side effects, or even positive ones. Apart from that, 
exercise promotes vascular health, neuroprotection, neuroplasticity and improve cognitive 
function, which is especially important in aging population and people with 
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neurodegenerative diseases (Ahlskog et al., 2011). We are going to explore specific 
mechanisms that might be involved in affecting mood and psychiatric disorders.  
3 Inflammatory response to a stressor 
Although this is extensively covered in literature, we are going to mention some of the 
mechanisms involved as they will help us further in the thesis. Inflammation is activated by 
physiological, environmental or psychological stressors. Environmental and physiological 
stressors activates pattern recognition receptors (PRR) mainly through pattern-associated 
molecular patterns (PAMP) and damage-associated molecular patterns (DAMP) (Janeway, 
1989), this then leads to a cascade of reactions triggering immune reaction (IR) (Akira et al., 
2006). IR could be also triggered by psychological and psychosocial stress, mainly through 
activation of sympathetic nervous system (SNS) and hypothalamic-pituitary-adrenal (HPA) 
axis (Akira et al., 2006). This stress can in fact activate sterile innate immune reaction which 
includes DAMPs (Fleshner, 2013b), the sterile activation in particular can lead to an 
inflammatory disease if unresolved. Present in the brain as neuroinflammation it is also 
involved in Alzheimer’s disease (AD) and other neurodegenerative diseases, mainly through 
inflammasome which can be activated by sterile stimulation of PRRs and then plays a role in 
production of amyloid beta (Aß), hallmark of AD and further inflammatory processes (Sheedy 
et al., 2013; Heneka et al., 2015). 
 
4 Evidence of increased inflammation in psychiatric disorders 
There is ever increasing evidence of individuals affected by psychiatric disorders having 
increased inflammatory markers such us interleukin 6 (IL-6), C-reactive protein (CRP) and 
tumor necrosis factor α (TNFα), while also decreased anti-inflammatory interleukin 10 (IL-
10) (Chang et al., 2017; Kahl et al., 2005; Rothermundt et al., 2001;Howren, Lamkin, & Suls, 
2009;Cepeda, Stang, & Makadia, 2016; Wium-Andersen, Ørsted, Nielsen, & Nordestgaard, 
2013). Although meta-analysis of cytokines in depressed and non-depressed people has 
shown that only 2 of those cytokines differ significantly between people with depression and 
without it, those were IL-6 and TNFα (Dowlati et al., 2010). It has been shown that increased 
levels of inflammatory marker IL-6 has been associated with depression and psychosis, which 
affects those individuals for a lifetime (Khandaker et al., 2015). Young people could be 
affected more, because of their development. Increased inflammation could cause metabolic 
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stress on the brain and other organs, hindering its development (Pruimboom et al., 2015). This 
is evidence that there is in fact immune dysregulation and activation of the inflammatory 
response system. Furthermore, as much as 39% patients undergoing treatment of hepatitis C 
by interferon-α (IFN-α), which is potent pro-inflammatory cytokine, experience moderate to 
severe depressive symptoms at least once during the treatment (Raison et al., 2005; McNutt et 
al., 2012). There is also increased incidence of psychiatric comorbidity in immune-mediated 
inflammatory diseases such as inflammatory bowel disease, multiple sclerosis and rheumatoid 
arthritis (Marrie et al., 2017), although we have to take in an account psychosocial factors 
participating to the overall state of the individual, it is certainly interesting data in the light of 
other evidence of inflammatory mechanisms underlying psychiatric disorders. For example 
recently, one interesting study showed increased depressive and anxiety symptoms after 
exposure to endotoxin vs. placebo controlled group (Irwin et al., 2019). 
4.1 Inflammation does not equal disorder 
It is very important to note that not everyone with higher inflammatory markers has 
psychiatric problems and not everyone with psychiatric problems has higher levels of 
inflammatory markers (Dowlati et al., 2010). Although as we have discussed, we can see 
from the literature that if we compare those with psychiatric disorders to healthy individuals, 
they do in fact have higher levels of pro-inflammatory markers overall. One suggestion is that 
depression is not “one size fits all”, but rather there are subtypes of depression with different 
mechanisms involved (Euteneuer et al., 2017). This can also help us identifying patients who 
might be more responsive to a specific treatment tactic. Patients with psychiatric disorders 
without elevated inflammatory markers could be potentially more responsive to interventions. 
The question is: Are those patients more responsive to pharmacological intervention (and 
which one), because there are perhaps mechanisms which pharmacological treatment could 
still help them? Are they prone to be more responsive to psychological intervention and 
placebo? On the other hand, patients with increased inflammatory response could see larger 
benefit from intervention such as exercise and/or anti-inflammatory treatment as we are going 
to explore further in this thesis. There are some studies elucidating some of these questions, 
but more studies are needed to confirm and answer them. 
4.2 Trends in literature 
We have seen some trends in emerging literature on this topic. Mainly pre-treatment 
levels of CRP predict response to a treatment. Specifically, we have seen non-response to a 
treatment by selective serotonin reuptake inhibitors (SSRIs) in patients with depression and 
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elevated levels of the inflammatory marker CRP, while showing better response to non-
serotonergic anti-depressants, on the other hand showing responsiveness to SSRIs in patients 
with not elevated levels of CRP (Uher et al., 2014; Jha et al., 2017; Chamberlain et al., 2019).  
One study also showed higher levels of inflammatory markers, especially IL-6 and TNF α in 
treatment resistant patients with 3 or more failed antidepressants treatment trials compared to 
0 or 1 failed antidepressant treatment trial (Haroon et al., 2018). Another study showed 
elevated levels of CRP prior to treatment predicted elevated clinical responsiveness to 
lurasidone in patients with bipolar I depression (Raison et al., 2018). There is also evidence 
that anti-depressant treatment increased anti-inflammatory cytokines in both responsive and 
non-responsive patients with major depressive disorder (MDD), although pro-inflammatory 
cytokines stabilized in responsive patients, they continue to increase in non-responsive 
patients (Syed et al., 2018). This suggests that CRP divides patients into phenotypes of 
responsiveness to an antidepressant treatment and potential exploration of anti-inflammatory 
second line treatment.  
4.3 Stress sensitization 
There is an evidence of significantly increased responses in levels of nuclear factor κB 
(NF-κB) and IL-6 due to psychosocial stress in individuals with early life stress and MDD 
compared to controls, furthermore those responses significantly correlated with Hamilton 
depression scale scores (Pace et al., 2006). Taken together, this provides us with evidence of 
major dysregulation of IR after repeated stress suggesting a downward spiral towards more 
inflammatory states as the inflammation increases. This might be one of the reasons why it is 
so difficult to treat psychiatric disorders in the first place. Once the inflammation is increased 
for some reason, there is going to be more intense inflammatory responses to a stressor, this 
effect has been called the stress-sensitization (McLaughlin, Conron, Koenen, & Gilman, 
2010; Post, 1992;Luczynski, Moquin, & Gratton, 2015). 
5 Inflammation inducing mechanisms 
5.1 HPA and SNS axis 
IR is caused by a stressor; this stressor could be viral, bacterial, physical and or 
psychological, latest one being of ever more increasing concern (Liu et al., 2017). We can 
also see an increase in expression of pro-inflammatory genes (Cole et al., 2007; Grzybkowska 
et al., 2018). There is evidence for both pro- and anti-inflammatory responses to a stressor 
through SNS and HPA axis activating corticotropin-releasing hormone (CRH), which then 
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activates glucocorticoids (GC) that have ability to induce anti-inflammatory responses 
(Sorrells et al., 2009). Activated GC receptor may have ability to directly bind to pro-
inflammatory NF-κB, thus preventing its migration to nuclei and starting a cytokine 
transcription, but GCs also mediate increases in lipopolysaccharide-induced NF-κB in the 
prefrontal cortex and hippocampus after exposure to chronic unpredictable stress (Grippo and 
Scotti, 2013). GCs are causing anti-inflammatory systemic response plus tissue site specific 
pro-inflammatory one. They act beneficially in keeping homeostasis in a short term, that is 
also why we see short negative feedback loop with cortisol, but long exposure to GCs is 
detrimental to homeostasis and can lead to chronic inflammation, cortisol resistance, its 
circadian release abnormalities and disruption of HPA axis. [From review reference: 
(Guilliams and Edwards, n.d.)] Repeated stress is going to lead towards dysregulation, 
disbalance and inability to react appropriately, largely due to changes in GC/catecholamine 
sensitivity and gene expression (Strahler et al., 2015), which promotes inflammatory response 
over the anti-inflammatory one. Disrupted HPA axis is negatively going to affect sleep, which 
proper function is necessary for optimal health and its disruption is another driver of 
inflammation and neuroinflammation (Xie et al., 2013; Hirotsu et al., 2015). Franco et al., 
2016 showed that chronic stress induces HPA axis sensitization in mice. HPA axis 
sensitization is also hypothesized to play a role in post-traumatic stress disorder (PTSD) and 
its disruption in psychiatric disorders (Yehuda, 1997; Watson et al., 2004; Vreeburg et al., 
2009; Morris et al., 2012). It was also able to predict responsiveness to anti-depressants in 
some studies (Fischer et al., 2017). 
5.2 Downstream signalling pathways 
Downstream effect of stimulating inflammatory pathways by PRRs leads to recruitment 
of neutrophils, macrophages, induction of T-cell adaptive immune response. Most important 
mediators in those processes are type I interferons as well as NFκB, which then activate 
expression of pro-inflammatory genes by several different pathways during the PRR 
stimulation. Stimulation of PRRs also activates mitogen-activated protein kinase cascade, 
responsible for induction of NFκB pathway. In dendritic cells, stimulation leads to activation 
of interferon β (IFN- β) gene expression. It also leads to production of reactive oxygen species 
(ROS) (Takeuchi and Akira, 2010). Activation of capsase-1 leads to activation of 
inflammasome, which then triggers production and release of interleukin 1β (Il-1β) mainly in 
macrophages. IL-1β is key mediator of sterile inflammation which is indicated to play a role 
in many non-microbial inflammatory diseases (Chen and Nuñez, 2010). There is a complex 
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pro-inflammatory response and this thesis is going to explore some of these mechanisms 
further. 
5.3 Glial Cells 
Glial cells, consisting of microglia, astrocytes and oligodendrocytes, are providing a 
complex function in the central nervous system (CNS) including both pro- and anti-
inflammatory processes. What do they do in an inflamed CNS and what are potential 
mechanisms of inducing psychiatric disorders? Let’s say we have already elevated 
neuroinflammation, microglia are going to be the first to respond by moving towards the 
trigger of inflammatory response (e.g. breaching of BBB) and release cytokines such as IL-
1β, TNF-α, and IL-6 (Jha et al., 2012). Those get recognized by astrocytes, which then release 
both pro- and anti-inflammatory response, therefore astrocytes are balancing on inflammatory 
spectrum and there are many mechanisms involved in tilting this spectrum, those mechanisms 
are not fully understood yet (Zamanian et al., 2012; Pekny et al., 2014; Liddelow et al., 2017) 
Although it is clear that if the inflamed state persists and turns into chronic inflammation, 
many damaging processes happen to the CNS such us neuronal damage, degeneration and 
impaired neuroplasticity, which contribute to psychiatric and mood disorders and loss of 
function (Kempuraj et al., 2018, 2017; Liddelow et al., 2017; Pekny et al., 2014;Luczynski et 
al., 2015). Microglia are also susceptible to priming by a stressor, which means their reaction 
to it is not as intense as to subsequent stressors (Maslanik et al., 2013; Fleshner et al., 2017; 
Jeon et al., 2017). 
5.4 Kynurenine Pathway 
One of the processes that neuroinflammation triggers is disruption of L-tryptophan – 
kynurenine pathway (KP). KP competes with the serotonin one, therefore it is hypothesized 
that if the KP gets more active, it decreases pool of tryptophan for other monoamines to 
produce. Although monoamine hypothesis has largely been disputed for the most part and 
there is lack of evidence to support that it would be the main contributor to psychiatric 
diseases, it much rather looks like combination of many different mechanisms, also there has 
not been the evidence that activity of KP would decrease serotonin levels in the brain [for 
reviews reference: (Boku et al., 2018; Jesulola et al., 2018)].  
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Figure 1: Simplified diagram of the major components of the KP. TRP, tryptophan; KYN, kynurenine; 
KYNA, kynurenic acid; AA, anthranilic acid; 3-HK, 3-hydroxykynurenine; 3-HAA, 3-
hydroxyanthranilic acid; QUIN, quinolinic acid; NAD+, nicotinamide adenine dinucleotide; IDO1, 
indoleamine 2,3-dioxygenase 1; IDO2, indoleamine 2,3-dioxygenase 2; TDO, tryptophan 2,3-
dioxygenase; KAT, kynurenine aminotransferase; KYNU, kynureninase; KMO, kynurenine 3-
monooxygenase; 3-HAO, 3-hydroxyanthranilate 3,4-dioxygenase; QPRT, quinolinic acid 
phosphoribosyl transferase. [Note: full figure reference in “references”, reprinted from (Fujigaki et al., 
2017)] 
5.4.1 Inflammation induced activation 
KP gets more active in inflammatory diseases and also psychiatric disorders (Crowley 
et al., 1992; Guillemin, 2012; Kegel et al., 2014; Kindler et al., 2019). Along the same note, 
depressive and anxiety like behaviour were also seen in mice, treated with poly I:C which 
induced inflammatory response characterized by elevated cytokines IL-1β, TNF-α and IL-6, 
alongside with increased activity of KP in prefrontal cortex (PFC) (Gibney et al., 2013). 
Activation of KPs is induced by activation of indoleamine 2,3-dioxygenase (IDO). Expression 
of IDO is induced mainly by interferon gamma (IFN- γ) and STAT1 which activates IDOs 
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promoter, furthermore TNF-α activation stimulates NFκB pathway, enhancing IFN- γ effect 
by upregulating IFN- γ receptors suggesting heavily mediated activation by inflammation 
(Yeung et al., 2015). 
5.4.2 Effects of kynurenine pathway on the brain 
Activity of KP is related to dorsolateral PFC volume and attention in schizophrenia 
patients (Kindler et al., 2019). Although this isn´t confirming that kynurenine metabolites are 
in fact responsible for this effect, because increased in activity of kynurenine has been linked 
only to a subgroup of patients (40%) which also had elevated cytokine levels, therefore we do 
not know if the effect is of cytokines or kynurenine (Kindler et al., 2019). Although activity 
of KP has diverse effects, kynurenic acid (KYNA) metabolite is considered more 
neuroprotective, but also N-methyl-D-aspartate (NMDA)-receptor antagonist, and counter to 
quinolinic acid (QUIN), another metabolite which acts as a pro-inflammatory mediator, 
neurotoxin and also NMDA-receptor agonist(Crowley et al., 1992; Guillemin, 2012). In fact 
levels of QUIN in cerebral spinal fluid (CSF) has been associated with depressive behaviour 
and suicidal attempts, on the other hand CSF KYNA was associated with Montgomery 
Asberg Depression Rating Scale, Suicide Assessment Scale, relapsing-onset of multiple 
sclerosis and bipolar disorder, therefore the lower KYNA the worse depressive and suicidal 
symptoms (Rejdak et al., 2002; Bay-Richter et al., 2015; Savitz et al., 2015; Birner et al., 
2017). On the other hand, elevated KYNA is associated with schizophrenia (Linderholm et 
al., 2012; Chiappelli et al., 2014, 2018; Plitman et al., 2017), therefore we are seeing some 
type of U shape relationship between KYNA and pathology. What seems important is not 
KYNA or QUIN levels themselves, but rather ratio between them as QUIN does damage the 
brain and also impairs memory, KYNA on the other hand has the ability to mitigate those 
effects of QUIN (Beninger et al., 1986; Miranda et al., 1997; Pierozan et al., 2018). QUIN 
also alters activity in nuclear factor erythroid 2–related factor 2 (Nrf2) pathway, 512 genes 
which are important in dealing with reactive oxygen species (ROS) and affects inflammation, 
KYNA has been shown to elevate Nrf2 (Ferreira et al., 2018). Taken together, it seems that 
specific balance between QUIN/KYNA is important for proper functioning, not only we can 
see disruption and disbalance of metabolites associated with pathological conditions and 
diseases, but also cause and effect of those metabolites which elucidate some of the 
mechanisms on which they act upon and cause these conditions. 
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Figure 2: Cell type differences in KP enzyme expression and interactions between peripheral and 
central kynurenines under inflammatory conditions. Because an excess of peripheral KYN and 3-HK 
can be transported across the BBB, they can be metabolized by infiltrating macrophages or activated 
microglia within the CNS. Macrophages and microglia express KMO; therefore, they are responsible 
for QUIN production in the CNS, which does not easily cross the BBB. In contrast, astrocytes are 
responsible for the production of KYNA because they predominantly express KAT and are unable to 
produce QUIN in the CNS because of the lack of or limited amounts of KMO. [Note: full figure 
reference in “references”, reprinted from (Fujigaki et al., 2017)] 
 
5.5 Inflammasomes role in inflammation 
NLP3 inflammasome is a multi-protein complex which is part of inflammatory cascade 
in reaction to both sterile and non-sterile IR (Fleshner, Frank, & Maier, 2017). NLP3 
inflammasome is stimulated by NFκB pathway, which plays a role in mediating several 
inflammatory processes. NLP3 Inflammasome has ability to react to a broad range of stimuli 
including ATP, K+effux, B-amyloid, silica, uric acid crystals, ROS and potentially PAMPs 
and DAMPs and plays a role in inducing sterile neuroinflammation (Fleshner et al., 2017). 
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Inflammasome is activated by repeated stimuli, first stressor primes the inflammasome 
(Activation of caspase-1, which then cleaves pro-IL-1B and pro-IL-18 into their active form) 
and subsequent ones activate it (actual release of active IL-1B and IL-18) (Fleshner, 2013a; 
Maslanik et al., 2013; Jeon et al., 2017). IL-1B and IL-18 mediates activity of IDO, therefore 
activating KP discussed earlier (O’Connor et al., 2009; Maslanik et al., 2013; Yeung et al., 
2015; Jeon et al., 2017). IL-1B and IL-18 are also associated with psychiatric disorders (Jeon 
et al., 2017; Kaufmann et al., 2017) and IL-18 affects activity of HPA axis (Boelen et al., 
2004; Sugama and Conti, 2008). Creating yet another pro-inflammatory feedback loop. NLP3 
is one of major components in AD as it contributes of build-up of Aß, which then further 
drives this build up, increasing neuroinflammation (Heneka et al., 2015). Neuroinflammation 
is underlying most of neurodegenerative and psychiatric diseases and tinkering with some of 
the inflammatory mechanisms involved could help us with slowing progression of these 
diseases which possess ever more increasing risk for aging population. It´s been shown that 
mice without or blocked NLP3 had inability to develop Alzheimer´s disease, were protected 
against Aß-induced suppression of synaptic plasticity as well as attenuate LPS-induced 
depressive like behaviors compared to controls (Heneka et al., 2015; Fleshner et al., 2017; 
Jeon et al., 2017). 
5.6 Metabolic Stress induced by inflammation 
Chronically increased inflammation is putting metabolic stress on the organism, as 
immunity is one of the most important systems in human organism; therefore, it has high 
metabolic priority and cost. That way, it could reallocate some of the energy from organs 
including brain. That would be another mechanism of action of inflammation causing 
psychiatric disorders as that is an additional stressor. Pruimboom et al., 2015 present 
interesting hypothesis; main thought is that in past 30 000 years our brain shrank, and it is 
hypothesized that partly because we have come to an abundance of food never seen before in 
human evolution. Part it with the hyperpalatable processed foods in past few decades, 
therefore we tend to overconsume and eat more frequently, initiating postprandial 
inflammatory processes (from hypothesis by Pruimboom et al., 2015). 
 
6 Inflammation and Neuroinflammation 
How does systemic inflammation, translate onto neuroinflammation?  [For a great review 
reference: (Kempuraj et al., 2017)] Mast cells are immune cells that regulate inflammation 
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and upon activation release many pro-inflammatory mediators. Systemic-derived pro-
inflammatory cytokines/chemokines and other factors can cause breaching of the blood brain 
barrier (BBB). This allows entrance of those inflammatory mediators including mast cells 
themselves through the BBB. This creates a stress on CNS, also these peripheral-derived 
factors and intrinsically generated cytokines/chemokines, α-synuclein, CRH, substance P, Aβ 
peptide and amyloid precursor proteins can activate glial cells, T-cells and mast cells which in 
turn induce additional release of the inflammatory and neurotoxic compounds contributing to 
chronic neuroinflammation and neuronal death. As in the systemic inflammation, there is also 
a positive feedback loop, where mast cells, glial cells and T cells can reactivate each other to 
elevate neuroinflammatory condition. Activated glial cells can also recruit monocytes from 
peripheral blood to increase their number and effect, this so called monocyte trafficking can 
be turned on by stress and induce anxiety-like behaviour (Wohleb et al., 2015). Chronically 
inflamed brain can also lead to neurodegeneration and development of neurodegenerative 
diseases (Heneka et al., 2015; Kempuraj et al., 2019). This is also one of the possible 
contributions for developing mood and depressive disorders, when the brain is not well, it is 
very likely that it would contribute to the whole organism of not being well either. It can lead 
to lowering of brain functions which can be by itself an additional stressor to the individual, 
because the individual would not be able to deal with difficult situations and process as much 
information as they normally would. As we have discussed before, when inflammation is 
increased, individual tend to have stronger pro-inflammatory reaction to a stressor creating an 
inflammatory positive feedback loop. Weber et al., 2018 showed that sensitizing mice by a 
stressor, specifically repeated social defeat (RSD) caused accumulation of monocytes and 
lead to anxiety behaviour recurrence after acute stress up to 24 days after sensitizing, 
moreover, when RSD-sensitized microglia were removed, it prevented monocyte 
accumulation and blocked anxiety behaviour, on the other hand removing microglia before 
RSD-sensitizing did not cause this effect, RSD-sensitized were also more reactive to 
lipopolysaccharide (LPS) stimulation ex vivo. On a similar note, chronic stress leads to 
morphological changes specifically decreased dendritic density and retraction of dendritic 
spines in PFC (Luczynski et al., 2015). 
7 Chronic Inflammation 
A lot of the evidence from literature so far has been pointing towards a problem with 
chronic inflammation rather than acute one. As we have discussed, the acute insult if not 
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resolved would lead to dysregulation and inability to maintain homeostasis, which eventually 
leads to chronically elevated levels of inflammation and pathology induction. This is 
something observed on many levels of analysis. HPA and SNS axis, glial cells, KP, 
inflammasome, sensitization of IR and monocyte trafficking. Apart from these relatively 
short-term processes, we also see evidence of elevated levels on inflammatory markers or 
childhood trauma as a predictor of development psychiatric disorder later in life, suggesting 
that some of these mechanisms persevere over long periods of time, potentially a life time. On 
a similar note, those with elevated inflammation are sensitized to subsequent stressors, which 
affect them more, then the first one would, adding up to the inflammation. There are certainly 
protective mechanisms against those positive feedback loops, but it seems from the literature 
that they fail to work effectively in today day and age, where there is abundance of stressors 
all around us (We can count abundance of food into it as well, psychosocial stressors and lack 
of PA.). Chronic inflammation leads to neurodegeneration, decreased neuroplasticity, lower 
cognitive function, changes in morphology, changes in volume of brain areas and disrupted 
brain connectivity (Streit, W. J., Mrak, R. E., & Griffin, 2004; Brunoni et al., 2008; 
Kapczinski et al., 2008; Monteleone et al., 2008; Wainwright and Galea, 2013; Felger and 
Treadway, 2017; Ibrahim et al., 2019). Many of those conditions are also seen in patients with 
psychiatric disorders. Now we are going to focus on what could potentially be caused by the 
damage done by inflammation and its relation to psychiatric disorders in hypotheses we have 
not discussed yet. 
8 Inflammation induced pathology 
8.1 Neuroplasticity 
Neuroplasticity is ability of a brain to change and adapt; it is crucial in learning, proper 
brain circuitry, cell survival, death and morphology. Impairment of neuroplasticity is also one 
of the candidates thought of as a contributor to psychiatric disorders (Brunoni et al., 2008; 
Kapczinski et al., 2008; Monteleone et al., 2008). Brain derived neurotrophic factor (BDNF) 
is considered one of the mediators of neuroplasticity and provides neurogenesis, synaptic 
transmission, synaptic plasticity, long-term potentiation, cell survival and growth (Yu and 
Chen, 2011). The ability to adapt, learn and process information is crucial to humans and 
plays role as one of the coping mechanisms to a stressful event (Brunoni et al., 2008). It has 
been shown in some studies that pro-inflammatory cytokines affect levels of BDNF 
negatively (Lapchak et al., 1993; Raetz and Whitfield, 2002; Zhang et al., 2016). Impairment 
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in neuroplasticity is going to cause additional stress to the individual and inability to cope 
with the situation properly (Kapczinski et al., 2008). Patients with bipolar disorder have 
decreased levels of BDNF, which was also associated with their cognitive function 
(Monteleone et al., 2008). One study suggests changes in neuroplasticity in patients with 
MDD that depend on brain regions where the tests act upon, moreover it has shown decreased 
plasticity in hippocampal-neocortical network, on the other hand increased plasticity in 
amygdala during fear conditioning compared to healthy individuals (Nissen et al., 2010). It 
goes along with the evidence from literature, that is: cortical and hippocampal decrease in 
volume and plasticity, while amygdala volume and plasticity increases (Pittenger and Duman, 
2008). Apart from that lower levels of BDNF are also associated with neurodegenerative 
diseases (Connor et al., 1997; Mogi et al., 1999; Michalski and Fahnestock, 2003; Peng et al., 
2005; Scalzo et al., 2010; Almeida et al., 2016).  Taken together it seems like overall brain 
plasticity is impaired, but over-stimulation of regions of amygdala due to stress leads to 
increased amygdala volume and plasticity. As we have discussed earlier, individuals which 
are sensitized to stress, also show larger impact of future stressors which again all revolve 
around inflammatory reaction to it. Neuroplasticity piece added to the puzzle suggests not 
only inflammation increases, but as we can see, subsequent stressors are leading towards 
over-activation of amygdala, therefore those structures are going to be activated 
proportionally even more during further stressors compared to other structures e.g. 
hippocampus and PFC, which in turn decreased in volume and activity.  
8.2 Disrupted circuitry 
Brain circuitry is another candidate which adds its contribution to the puzzle. We have 
discussed that amygdala gets bigger and more active compared to other regions in pathology, 
but what causes that? Disruption in brain circuitry is a clear adept to answer this question. 
Inflammatory processes discussed so far, play a role in processes of changing brain circuitry. 
In fact inflammation has been associated with this disruption (Jha et al., 2012; Felger et al., 
2016). Similarly, psychiatric disorders were also associated with this disruption (Liao et al., 
2012; Tao et al., 2013; Weder et al., 2014; Heshmati and Russo, 2015; Ibrahim et al., 2019). 
Inflammation induced changes in morphology such as deterioration of dendritic spines, will 
simply lead to not connected neurons as they are supposed to in a healthy organism. 
Therefore, neuroinflammation is one of the mechanisms leading towards disruption of these 
circuits due to the mechanisms described earlier. Proper functioning circuitry is essential for a 
healthy organism.  
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9 Introduction – Physical activity 
Physical exercise seems to be helping people with psychiatric disorders, but more studies 
are needed to asses specific mechanisms involved. We now have a robust body of evidence 
that physical exercise helps in prevention and treatment of people with psychiatric disorders. 
The challenge here is to identify which of the complex mechanisms are involved in helping 
those individuals and establish causal mechanisms instead of just relying on associations. This 
could help us in devising a pharmacological agent or rethinking current state of treatment 
which could lead towards better efficacy. People are different and react differently to medical 
and psychological interventions. This is also why we should explore this further, it could help 
us with identification of those individuals which would benefit the most from 
pharmacological, psychological, psychiatric or perhaps physical program intervention.  
9.1 Importance of PA in youngsters 
Not only adults but also adolescent and young adults are affected by depression and is 
leading cause of disability worldwide(Gore et al., 2011). There is also increasing incidence of 
both non-suicidal and suicidal self-injury of young adults (Cheung et al., 2013). It has been 
shown that it might be even more important to prevent psychotic events and mood/anxiety 
disorders in young adults as those can affect them for a lifetime (McLaughlin et al., 2010; 
Khandaker et al., 2015). Even more so because of non-responsiveness towards anti-depressant 
drugs, which have at least questionable efficacy in youngsters, given many times placebo 
being more effective (Cipriani et al., 2016). Many young people do not recover from a 
depressive episode even after best evidence based treatment, on the other hand, physical 
exercise showed prevention and effectiveness in treatment of depression (Pascoe and Parker, 
2018). This is also why information and education about these potential risks is more 
important than ever with children and young adults not being physically active enough to 
promote health (Riddoch et al., 2004;Kwan, Cairney, Faulkner, & Pullenayegum, 2012). 
10 Clinical evidences 
PA has been shown to have many benefits for our overall health. Not only does it protect 
our brain against neurodegenerative diseases and mild cognitive impairment, but it also has 
potential role in preventing and treating neuropsychiatric and mood disorders (Ahlskog et al., 
2011). Individuals who are physically active are rarely affected by mental health disorders. 
They have relatively high ratio of gene expression of IL-10 to IL-6. This suggests that those 
individuals are maintaining more of an anti-inflammatory environment than pro-inflammatory 
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(Grzybkowska et al., 2018). Physical exercise could potentially be used as a treatment of 
depression or MDD with lower risk of side effects. Patients with MDD have registered robust 
decrease in depressive symptoms after exercise (Schuch et al., 2016; Morres et al., 2018). 
Although it is important to note that it was those studies which were using aerobic exercise 
with moderate to vigorous intensities, with mixed supervised/unsupervised format and 
supervised by qualified physical exercise professionals were associated with larger 
antidepressant effect (Schuch et al., 2016). 
 
11 Effect of physical activity on inflammation 
PA is a stressor to the body as well, why does it then show decreases in a chronic 
inflammation? Well, PA is an acute stressor and does cause some of the inflammatory 
processes to take place. Although those come with adequate threat to the organism, which 
then the inflammatory processes resolve and deal with the situation appropriately. That is 
something lacking in pathology. Now we are going to discuss mechanisms through which PA 
mediates anti-inflammatory states and disrupts the pro-inflammatory feedback loops. 
11.1 Interleukin-6 and its role in inflammation 
As we have discussed IL-6 is associated with psychiatric, neurodegenerative and 
inflammatory disorders. It also gets increased during and short after exercise, it is because it 
gets released from contracting skeletal muscle during PA and in this context is called myokine 
(Pedersen et al., 2003). It has been suggested to play a pleiotropic role in metabolism 
[Reviewed here: (Pal et al., 2014)], but there is also emerging evidence in playing pleiotropic 
role in inflammation as well (Tilg et al., 1994; Steensberg et al., 2003). Contracting muscles 
do account for increased levels of IL-6, but it is not necessarily induced by muscle damage, 
rather than the contraction itself, essentially making it an endocrine organ, it also is not 
preceded nor accompanied by production of TNFα (Steensberg et al., 2002; UTTER et al., 
2007). Muscle contraction induced IL-6 does enter blood and elevates levels of it in plasma 
(Steensberg et al., 2000). It is worth to note that levels of IL-6 released during PA are also 
directly linked to both length of the exercise and muscle volume engaged during the exercise. 
Acute release of IL-6 during and right after exercise (which also goes down 3 hours after PA 
(Morrison et al., 2018)) accounts for release of anti-inflammatory IL-10 and IL-1 receptor 
antagonist, which we can also see in intravenous application of endogenous IL-6 along with 
increased tumor necrosis factor antagonists (TNFsRp55), CRP and cortisol (Tilg et al., 1994; 
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Steensberg et al., 2003). Interestingly, it has been shown from epidemiological studies that 
PA is negatively associated with IL-6 plasma levels and CRP, therefore the more physically 
active, the lower IL-6 plasma and CRP levels (Geffken et al., 2001; Hamer et al., 2012). It 
could be argued that higher PA causes having less adipose tissue, which is also producer of 
IL-6 over time (Sindhu et al., 2015), but accounting for confiding factors including BMI still 
showed significant difference (Hamer et al., 2012), still, lower adipose tissue as a side effect 
of PA could (it is almost inevitable) contribute to this effect as BMI does not tell us anything 
about muscle mass/adipose tissue ratio. Although Wedell-Neergaard et al., 2019 have shown 
that IL-6 plays a role in reducing visceral adipose tissues as a result of exercise. Group that 
had blocked IL-6 showed less of a degree of visceral adipose tissue loss and diminished some 
other benefits of exercise compared to control group (Wedell-Neergaard et al., 2019). Taken 
together, we can see acute release of IL-6 during exercise, or even intravenously shows anti-
inflammatory properties and decreases chronically elevated IL-6 which in different context is 
shown to be pro-inflammatory. The point is that exercise induced cytokine production 
radically differs from cytokine production in sickness, disease or chronic inflammatory 
conditions or even stressful environment. PA in this context acts as an inflammatory 
regulator, with anti-inflammatory properties and potential inducer of homeostasis in 
pathology. 
11.2 HPA and SNS axis 
As we have discussed HPA and SNS axes are important in keeping homeostatic state in 
case of a stressor, they act predominantly in anti-inflammatory manner, although repeated 
stress can cause disruption, GCs resistance and dysregulation of those axes, which then lead 
to elevated inflammatory response and unresolved initial stressor. It has been shown that PA 
can regulate those axes and provide sort of a buffer for future stressors other than the PA itself 
e.g. psychosocial one (Zschucke et al., 2015; Wunsch et al., 2017). This, in turn, can prevent 
the pathology inducing over-stimulation in the presence of the same volume and intensity of 
the stressors. 
11.3 Interplay between SIRT1 and NFκB 
There is an interplay between the protein deacetylase silencing information regulator 
(SIRT1) and NFκB pathway. SIRT1 is able to deacetylate components of NFκB complex and 
suppress NFκB dependent gene expression, on the other hand there is an evidence for both 
stimulation and inhibition of SIRT1 by NFκB but it is not clear how other factors contribute 
to mechanisms involved in either suppression or activation, although it seems that NFκB is 
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more suppressive than expressive from emerging literature, but more evidence is needed 
(Kauppinen et al., 2013, Huang et al., 2016a; Liu et al., 2019). SIRT1 also interacts with 
FOXO3 transcriptional factors, which then suppresses stress mediated cell-death and might 
increase stress resistance, though the effects are not fully clear yet as FOXO3 acts differently 
in various tissues and with different cofactors (Tran et al., 2002). SIRT1 is also important in 
maintaining mitochondrial content and potentiates mitochondrial biogenesis in the context of 
exercise (Menzies et al., 2013). SIRT1 is upregulated as a result of PA (Menzies et al., 2013; 
Huang et al., 2016b, a; Koo et al., 2017; Taka et al., 2017; Liu et al., 2019), introducing yet 
another way of decreasing inflammation, mainly through suppression of NFκB pathway. Lack 
of PA could also play a role in creating positive feedback loop of inflammation through 
activation of NFκB and its potential suppressive effect on SIRT1. There is another potential 
inflammatory feedback loop: Sirtuins also play a role in DNA repair, if inflammation is 
increased then DNA damage occurs (Pálmai-Pallag and Bachrati, 2014), sirtuins sense it and 
mediate DNA repair, therefore lesser amount of sirtuins are able to suppress pro-inflammatory 
pathways (Choi and Mostoslavsky, 2014; Jang et al., 2017; Stratigi et al., 2017). 
11.4 PGC-1α1 effect on Kynurenine Pathway 
Peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1α1 is 
upregulated in PA and plays a role in cellular energy metabolism. Agudelo et al., 2014 have 
shown that PGC-1α1 plays a role in KP, where it upregulates kynurenine aminotransferase 
(KAT), which leads to conversion of KYN to KYNA in plasma, inhibiting KYN to enter CNS 
in mice. Not only that, but chronic mild stress induced depressive like behaviour and 
increased 3-Hydroxykynurenine (metabolite that leads to production of potentially neurotoxic 
QUIN, figure 1.) in wild type (WT) compared to mice with overexpressed PGC-1α1 (mck-
PGC-1α1), moreover injection of KYN also increased depressive behaviour in WT, but not in 
mck-PGC-1α1 mice suggesting that PGC-1α1 can protect the brain from kynurenine 
metabolite disbalance, which as we have discussed earlier is linked to pathology. Mck-PGC-
1α1 mice were also shown to have diminished effect on increased levels of pro-inflammatory 
cytokines in hippocampus induced by KYN injection, which also mimicked the effects of 
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chronic mild stress on the level of KYN in WT mice (Agudelo et al., 2014). 
 
Figure 3: Synoptic figure highlighting the molecular mechanism by which skeletal muscle PGC-1α1 
shifts peripheral metabolism of KYN into KYNA [Note: full figure reference in “references“, 
reprinted from (Agudelo et al., 2014)] 
11.4.1 FNDC5 effect on BDNF 
Fibronectin type III domain-containing protein 5 (FNDC5) is a precursor to irisin and 
a protein encoded by the gene FNDC5. Wrann et al., 2013 did an amazing study showing that 
PGC-1α1 regulates expression of neuronal FNDC5, which is suggested to play a role in 
neuronal development. Both PGC-1α1 and FNDC5 were significantly upregulated in 
hippocampus of mice after 30 days of voluntary free running exercise, moreover PGC-1α1 
and FNDC5 were shown to upregulate BDNF (Wrann et al., 2013). The effect of exercise in 
upregulating PGC-1α1, FNDC5 and BDNF was specific to hippocampus (Wrann et al., 2013). 
Increased levels of PGC-1α1 and FNDC5 resulted from PA in human studies as well (Gibala 
et al., 2009; Egan et al., 2010; Little et al., 2010, 2011; Safdar et al., 2011; Norheim et al., 
2014). Taken together PGC-1α1 plays an important role in (apart from many others) keeping 
the brain healthy, and its upregulation is induced by PA; an overview can be seen in figure 4. 
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Figure 4: Model of a pathways through which exercise induces BDNF. BDNF is the master regulator 
of nerve cell survival, differentiation, and plasticity in the brain. This will lead to improved cognitive 
function, learning, and memory, which are known beneficial effects of exercise on the brain. [Note: 
full figure reference in “references”, from (Wrann et al., 2013)] 
 
11.5 Heat Shock Proteins 
Zychowska et al., 2018 have shown that adaptation to heat stress (sauna bathing) 
occurred with lowering expression of IL-6 mRNA while also increasing IL-10 mRNA, 
although the effect on IL-6 mRNA was not as significant as on IL-10 mRNA, moreover, this 
change occurred not only in comparison of a reaction to the first sauna and to last sauna but 
also during resting period (measured before first sauna and 48 hours after last sauna). The 
heat stress was introduced by 12 sauna bathing session in 4 weeks (Zychowska et al., 2018). 
Change in expression of genes coding for heat shock proteins HSP70 and HSP27 was the 
same as on IL-6 mRNA and IL-10 mRNA respectively. This could suggest that similar 
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changes are happening on a smaller scale during exercise as there is a heat stress too, which 
could also be why the individuals with high cardiovascular fitness saw faster changes and 
better results in their adaptation to heat stress (Zychowska et al., 2018). 
11.6 Other exercise induced mechanisms 
11.6.1 The role of BDNF 
Earlier in the thesis we have shown BDNF effects on neuroplasticity, although that is 
not everything. BDNF act upon several mechanisms involved in psychiatric diseases. It 
improves neuroplasticity, learning through enhancing long term potentiation, cell growth and 
survival. This can directly prevent some of the damage done by inflammation, neurotoxic 
metabolites or imbalances in KP, which are linked to psychiatric diseases and inflammation. 
BDNF directly counters these pathologies as they are at least in part mediated by decreased 
levels of BDNF itself. BDNF is increased during and after exercise (Ferris et al., 2007; 
Rasmussen et al., 2009; Kimhy et al., 2015; Sleiman et al., 2016), therefore being ideal for 
prevention and treating of neurodegenerative and psychiatric disorders as PA is also followed 
by anti-inflammatory context. Szuhany et al., 2015 showed that infusion of BDNF has 
antidepressant effects and improves performance in an array of tasks in rats. Although I would 
like to emphasize the importance of context of the PA which I think is important, because 
BDNF does not choose to enhance learning only at some things, Penzo et al., 2015 have 
shown that activation of BDNF receptor tropomyosin-related kinase B (TrkB) induces fear 
conditioning in lateral division of central amygdala in mice. On the other hand, that was 
shown by either deletion or injection of BDNF, unrelated to PA, also the highest exercise 
induced BDNF levels are found in hippocampus. Enhanced learning within the framework of 
PA makes sense from an evolutionary point of view, increased PA was a lot of times in the 
context of a psychological stressor, such as predator or when hunting for food. Therefore, it 
was essential to remember the mistakes and threats that would cause not having food, injury 
or death of a member of a tribe. This could be one of the reasons why we see a lower BDNF 
response to PA in women (Szuhany et al., 2015), as women did not hunt as much as men for 
vast majority of the human evolution (Marlowe, 2007; Gurven and Hill, 2009). Exercise 
upregulates BDNF in hippocampus where it was shown to increase its volume and dendritic 
density, therefore protecting volume loss in pathology (Bueller et al., 2006; Stranahan et al., 
2009; Erickson et al., 2011, Rizos et al., 2011). On the contrary there was a study showing 
increased BDNF levels while also decreased hippocampal volume in certain regions by 2% in 
the exercise group compared to the controls, though that might have been due to nature and 
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intensity of the exercise (Wagner et al., 2015). BDNF was also shown to regulate activity of 
Nrf2 pathway. 
11.6.2 Nrf2 pathway 
The Nrf2 pathway is worth mentioning by itself given its role in dealing with oxidative 
stress and mediating suppression of transcription of pro-inflammatory cytokines (Kobayashi 
et al., 2016). Bouvier et al., 2017 have shown that acute stress (social defeat) induced 
vulnerability to depression in 40% of rats, which was associated with persistent oxidative 
stress state which was mediated by inactivity of Nrf2. Furthermore, they have tested 
vulnerability to depression of Nrf2 null rats, vulnerability to depression was observed after 
chronic exposure to stress (3 weeks of chronic mild stress) rather than acute one, this effect 
was diminished when pre-treated with antioxidants. Vulnerability to depression also 
diminished after administration of t-BHQ, a compound inducing Nrf2 activity. They also 
showed that Nrf2 is regulated by BDNF by microinjecting BDNF siRNA into rats 
hippocampi, which in turn lowered translocation of Nrf2 and increased oxidative stress, on the 
same note, microinjections of BDNF increased translocation of the Nrf2 (Bouvier et al., 
2017). Nrf2 was shown to be increased after exercise (Li et al., 2015; Done et al., 2016; 
Wang et al., 2016; Abreu et al., 2017). This suggests yet another potent mechanism through 
which exercise induces anti-inflammatory state and protection against psychiatric disorders. 
11.6.3 Effect of exercise on metabolic stress 
One way of inducing metabolic stress is over-activation of immune system during 
inflammatory response, especially when unresolved, therefore chronic inflammation. This can 
reallocate resources from other organs including brain, which can cause harm especially in 
development of those organs. There is a mechanism in place, to lower postprandial 
inflammation in babies, without compromising their immunity. Lactoferrin is found in breast 
milk and does exactly that, downregulates postprandial immune reaction as well as protects 
against infection by being immunologically active by itself. Lactoferrin is also produced 
during and after exercise, which then turns down some of the postprandial immune reaction 
which is more frequent as the food is more abundant compared to the past. Lactoferrin also 
stimulates expression of six-transmembrane protein of prostate 2 (STAMP-2) which then 
downregulates NF-kB pathway inhibiting production of pro-inflammatory cytokines. [From a 
review by (Pruimboom et al., 2015)] 
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11.6.4 Angiogenesis in physical activity 
If we are talking about metabolic stress, one might argue that PA does put our organs 
including brain in metabolic stress as well. This would be true, if PA did not promote 
upregulation of vascular endothelial growth factor (VEGF) which leads to angiogenesis inside 
the brain, better blood flow and glucose uptake upregulation, allowing the nutrients needed to 
enter CNS, reducing the metabolic stress in a long run (Ding et al., 2004, 2006; Green et al., 
2008; Egan et al., 2010; Berggren et al., 2014; Hirasawa et al., 2016; Morland et al., 2017; 
Robinson et al., 2018). Therefore, not only does PA attenuate pro-inflammatory states, which 
induce metabolic stress by itself, but also promote better availability of nutrients and energy 
to the tissue. 
11.6.5 Reduction of stressors themselves 
As we have discussed, inflammation is also caused by psychosocial stress, which is an 
ever-increasing problem in modern society. I would argue that this is where exercise plays its 
role as well. Firstly, when exercising, it is most likely a time we do not spend being triggered 
by modern psychosocial stressors; those could be for example information overload, social 
media and screens, chaos of a city, work and school. Secondly, it is very unlikely, that 
someone who goes exercise is going to experience fear or anxiety more than if they did not. 
Some types of exercises might be better as they could force an individual to focus on the 
exercise and interrupt the negative thinking patterns established in a person with psychiatric 
disorders, but in people without pathology who experience stress of daily live as well. Regular 
exercise is also decreasing overall complexity of life that individual experiences by 
introducing a type of regularity into their schedule, therefore decreasing another stressor.  
11.6.6 Role of microRNA 
An emerging field of microRNA (miRNA) allows exploration of mechanisms, which 
were “hidden” from us before. MiRNA are short non-coding RNA molecules. They have 
ability to activate genes and apart from many regulatory properties, they also affect 
inflammation. They are both pro- and anti-inflammatory, but there is not enough evidence to 
support the anti-inflammatory effect of exercise mediated by miRNA, because many times, 
there are contradicting results from the few studies that had been done (Dufresne et al., 2018; 
Horak et al., 2018; Improta Caria et al., 2018). Due to lack of literature on miRNAs 
expression and their effects, only few candidates are worth mentioning such as miRNA 146a, 
24, 23b and 181a, which mediate inflammation and exercise affects them, though only 
miRNA 181a was repeatedly shown to be increased after exercise and act in anti-
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inflammatory fashion through suppressing NFκB and negatively regulating TNFα mRNA 
stability, others miRNAs have shown contradicting effect of exercise on them (Russell and 
Lamon, 2015; Sapp et al., 2017; Dufresne et al., 2018; Tahamtan et al., 2018). Some of those 
miRNAs were also shown to be up-regulated in AD e.g. miRNA 146a, it regulates NFκB 
transcriptional activity and seems to act as a negative feedback mechanism of inflammation, 
therefore its upregulation is likely due to increased inflammation in AD (Lukiw et al., 2008; 
Tahamtan et al., 2018). Contradicting results could be an indication of different basal levels of 
miRNAs and exercise affecting them to promote homeostasis by either up- or down-
regulation depending on basal levels that could be sub-optimal, something which could be 
explored in a future research as understanding of the exercise effect on miRNAs could 
elucidate some of those questions and help with the treatment strategies. 
12 Conclusion 
From the evidence, it seems like there is a plethora of mechanisms involved in 
inflammatory processes and what matters the most is their relative relationship, therefore one 
of the most important things during IR is the background on which this is happening. Are 
other stressors such as psychosocial ones involved? What other cytokines which would 
contribute to reactivation of each other do get released? What situation is the individual in? 
Does it induce an activation of the brain circuitry related to amygdala? What are the other 
factors such as BDNF, which would mitigate the decreased plasticity and brain volume as 
observed in e.g. hippocampus and the PFC in psychiatric disorders? Those are kind of 
questions we should ask in potential devising of a plan for treating psychiatric diseases with 
exercise, which I am almost sure is going to come to in the future. If we account the complex 
mechanisms that stand behind many psychiatric disorders, it would be almost impossible to 
think of a drug that would affect all of them appropriately. I suggest that as complex as those 
pathologies are, its prevention and treatment would make sense to be equally as complex, 
accounting and affecting the vast array of mechanisms at the same time. 
12.1 Feedback Loops  
This is a reoccurring theme in the research I have done in writing this thesis. Positive 
pro-inflammatory feedback loops pop up in almost every mechanism we have discussed. This 
might be also why psychiatric disorders are so hard to treat, because once the inflammation is 
increased, it is hard to stop the vicious cycle, which also reinforce other feedback loops. This 
is also why not the acute inflammation is a problem, but constant stimulation of IR, where 
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first stressors are dealt with fairly well, but subsequent ones are not so, and lead to chronic 
inflammation. Chronic inflammation is the real problem, because it damages our organism on 
many levels as discussed in the thesis and now days is also mentioned in the context of 
neurodegenerative diseases. PA effects being as complex as they are can have profound effect 
on interrupting inflammatory feedback loops, which underly the pathologies and often 
overwhelm the homeostatic feedback loops that counteract them. That could lead to much 
better responsiveness in treating some of those disorders alongside psychotherapy and/or 
pharmacological treatment. 




Abreu CC, Cardozo LFMF, Stockler-Pinto MB, Esgalhado M, Barboza JE, Frauches R, et al. Does resistance 
exercise performed during dialysis modulate Nrf2 and NF-κB in patients with chronic kidney disease? Life Sci 
2017; 188: 192–197. 
Agudelo LZ, Femenía T, Orhan F, Porsmyr-Palmertz M, Goiny M, Martinez-Redondo V, et al. Skeletal muscle 
PGC-1α1 modulates kynurenine metabolism and mediates resilience to stress-induced depression. Cell 2014; 
159: 33–45. 
Ahlskog JE, Geda YE, Graff-Radford NR, Petersen RC. Physical exercise as a preventive or disease-modifying 
treatment of dementia and brain aging. Mayo Clin Proc 2011; 86: 876–884. 
Akira S, Uematsu S, Takeuchi O. Pathogen Recognition and Innate Immunity. Cell 2006; 124: 783–801. 
Almeida MF, Chaves RS, Silva CM, Chaves JCS, Melo KP, Ferrari MFR. BDNF trafficking and signaling 
impairment during early neurodegeneration is prevented by moderate physical activity. IBRO Reports 2016; 1: 
19–31. 
Bay-Richter C, Linderholm KR, Lim CK, Samuelsson M, Träskman-Bendz L, Guillemin GJ, et al. A role for 
inflammatory metabolites as modulators of the glutamate N-methyl-d-aspartate receptor in depression and 
suicidality. Brain Behav Immun 2015; 43: 110–117. 
Beninger RJ, Jhamandas K, Boegman RJ, El-Defrawy SR. Kynurenic acid-induced protection of neurochemical 
and behavioural deficits produced by quinolinic acid injections into the nucleus basalis of rats. Neurosci Lett 
1986; 68: 317–321. 
Berggren KL, Kay JJM, Swain RA. Examining Cerebral Angiogenesis in Response to Physical Exercise. 2014. 
p. 139–154 
Birner A, Platzer M, Bengesser SA, Dalkner N, Fellendorf FT, Queissner R, et al. Increased breakdown of 
kynurenine towards its neurotoxic branch in bipolar disorder. PLoS One 2017; 12: e0172699. 
Boelen A, Kwakkel J, Platvoet-ter Schiphorst M, Mentrup B, Baur A, Koehrle J, et al. Interleukin-18, a 
proinflammatory cytokine, contributes to the pathogenesis of non-thyroidal illness mainly via the central part of 
the hypothalamus-pituitary-thyroid axis. Eur J Endocrinol 2004; 151: 497–502. 
Boku S, Nakagawa S, Toda H, Hishimoto A. Neural basis of major depressive disorder: Beyond monoamine 
hypothesis. Psychiatry Clin Neurosci 2018; 72: 3–12. 
Bonicatto SC, Dew MA, Zaratiegui R, Lorenzo L, Pecina P. Adult outpatients with depression: Worse quality of 
life than in other chronic medical diseases in Argentina. Soc Sci Med 2001; 52: 911–919. 
Bouvier E, Brouillard F, Molet J, Claverie D, Cabungcal J-H, Cresto N, et al. Nrf2-dependent persistent 
oxidative stress results in stress-induced vulnerability to depression. Mol Psychiatry 2017; 22: 1701–1713. 
Brunoni AR, Lopes M, Fregni F. A systematic review and meta-analysis of clinical studies on major depression 
and BDNF levels: Implications for the role of neuroplasticity in depression. Int J Neuropsychopharmacol 2008; 
11: 1169–1180. 
Bueller JA, Aftab M, Sen S, Gomez-Hassan D, Burmeister M, Zubieta J-K. BDNF Val66Met Allele Is 
Associated with Reduced Hippocampal Volume in Healthy Subjects. Biol Psychiatry 2006; 59: 812–815. 
Cepeda MS, Stang P, Makadia R. Depression Is Associated With High Levels of C-Reactive Protein and Low 
Levels of Fractional Exhaled Nitric Oxide. J Clin Psychiatry 2016; 77: 1666–1671. 
Chamberlain SR, Cavanagh J, De Boer P, Mondelli V, Jones DNC, Drevets WC, et al. Treatment-resistant 
depression and peripheral C-reactive protein. Br J Psychiatry 2019; 214: 11–19. 
Chang HH, Wang T-Y, Lee IH, Lee S-Y, Chen KC, Huang S-Y, et al. C-reactive protein: A differential 
biomarker for major depressive disorder and bipolar II disorder. World J Biol Psychiatry 2017; 18: 63–70. 
- 29 - 
  
Chen GY, Nuñez G. Sterile inflammation: sensing and reacting to damage. Nat Rev Immunol 2010; 10: 826–37. 
Cheung YTD, Wong PWC, Lee AM, Lam TH, Fan YSS, Yip PSF. Non-suicidal self-injury and suicidal 
behavior: prevalence, co-occurrence, and correlates of suicide among adolescents in Hong Kong. Soc Psychiatry 
Psychiatr Epidemiol 2013; 48: 1133–1144. 
Chiappelli J, Pocivavsek A, Nugent KL, Notarangelo FM, Kochunov P, Rowland LM, et al. Stress-induced 
increase in kynurenic acid as a potential biomarker for patients with schizophrenia and distress intolerance. 
JAMA psychiatry 2014; 71: 761–8. 
Chiappelli J, Rowland LM, Notarangelo FM, Wijtenburg SA, Thomas MAR, Pocivavsek A, et al. Salivary 
kynurenic acid response to psychological stress: Inverse relationship to cortical glutamate in schizophrenia. 
Neuropsychopharmacology 2018; 43: 1706–1711. 
Choi J-E, Mostoslavsky R. Sirtuins, metabolism, and DNA repair. Curr Opin Genet Dev 2014; 26: 24–32. 
Cipriani A, Furukawa TA, Salanti G, Chaimani A, Atkinson LZ, Ogawa Y, et al. Comparative efficacy and 
acceptability of 21 antidepressant drugs for the acute treatment of adults with major depressive disorder: a 
systematic review and network meta-analysis. Lancet 2018; 391: 1357–1366. 
Cipriani A, Zhou X, Del Giovane C, Hetrick SE, Qin B, Whittington C, et al. Comparative efficacy and 
tolerability of antidepressants for major depressive disorder in children and adolescents: a network meta-
analysis. Lancet 2016; 388: 881–890. 
Cole SW, Hawkley LC, Arevalo JM, Sung CY, Rose RM, Cacioppo JT. Social regulation of gene expression in 
human leukocytes. Genome Biol 2007; 8: R189. 
Connor B, Young D, Yan Q, Faull RL., Synek B, Dragunow M. Brain-derived neurotrophic factor is reduced in 
Alzheimer’s disease. Mol Brain Res 1997; 49: 71–81. 
Crowley JS, Davis LE, Demitrack MA, Dilling LA, Elia J, Kruesi MJP, et al. Quinolinic Acid and Kynurenine 
Pathway Metabolism in Inflammatory and Non-Inflammatory Neurological Disease. Brain 1992; 115: 1249–
1273. 
Ding Y-H, Li J, Zhou Y, Rafols J, Clark J, Ding Y. Cerebral Angiogenesis and Expression of Angiogenic 
Factors in Aging Rats after Exercise. Curr Neurovasc Res 2006; 3: 15–23. 
Ding Y, Li J, Luan X, Ding Y., Lai Q, Rafols J., et al. Exercise pre-conditioning reduces brain damage in 
ischemic rats that may be associated with regional angiogenesis and cellular overexpression of neurotrophin. 
Neuroscience 2004; 124: 583–591. 
Done AJ, Gage MJ, Nieto NC, Traustadóttir T. Exercise-induced Nrf2-signaling is impaired in aging. Free Radic 
Biol Med 2016; 96: 130–138. 
Dowlati Y, Herrmann N, Swardfager W, Liu H, Sham L, Reim EK, et al. A Meta-Analysis of Cytokines in 
Major Depression. Biol Psychiatry 2010; 67: 446–457. 
Dufresne S, Rébillard A, Muti P, Friedenreich CM, Brenner DR. A Review of Physical Activity and Circulating 
miRNA Expression: Implications in Cancer Risk and Progression. Cancer Epidemiol Biomarkers Prev 2018; 27: 
11–24. 
Egan B, Carson BP, Garcia-Roves PM, Chibalin A V, Sarsfield FM, Barron N, et al. Exercise intensity-
dependent regulation of peroxisome proliferator-activated receptor coactivator-1 mRNA abundance is associated 
with differential activation of upstream signalling kinases in human skeletal muscle. J Physiol 2010; 588: 1779–
90. 
Erickson KI, Voss MW, Prakash RS, Basak C, Szabo A, Chaddock L, et al. Exercise training increases size of 
hippocampus and improves memory. Proc Natl Acad Sci U S A 2011; 108: 3017–22. 
Euteneuer F, Dannehl K, Del Rey A, Engler H, Schedlowski M, Rief W. Peripheral Immune Alterations in 
Major Depression: The Role of Subtypes and Pathogenetic Characteristics. Front psychiatry 2017; 8: 250. 
Felger JC, Li Z, Haroon E, Woolwine BJ, Jung MY, Hu X, et al. Inflammation is associated with decreased 
functional connectivity within corticostriatal reward circuitry in depression. Mol Psychiatry 2016; 21: 1358–
1365. 
- 30 - 
  
Felger JC, Treadway MT. Inflammation Effects on Motivation and Motor Activity: Role of Dopamine. 
Neuropsychopharmacology 2017; 42: 216–241. 
Ferreira FS, Biasibetti-Brendler H, Pierozan P, Schmitz F, Bertó CG, Prezzi CA, et al. Kynurenic Acid Restores 
Nrf2 Levels and Prevents Quinolinic Acid-Induced Toxicity in Rat Striatal Slices. Mol Neurobiol 2018; 55: 
8538–8549. 
Ferris LT, Williams JS, Shen CL. The effect of acute exercise on serum brain-derived neurotrophic factor levels 
and cognitive function. Med Sci Sports Exerc 2007; 39: 728–734. 
Fischer S, Macare C, Cleare AJ. Hypothalamic-pituitary-adrenal (HPA) axis functioning as predictor of 
antidepressant response–Meta-analysis. Neurosci Biobehav Rev 2017; 83: 200–211. 
Fleshner M. Stress-evoked sterile inflammation, danger associated molecular patterns (DAMPs), microbial 
associated molecular patterns (MAMPs) and the inflammasome. Brain Behav Immun 2013; 27: 1–7. 
Fleshner M. Stress-evoked sterile inflammation, danger associated molecular patterns (DAMPs), microbial 
associated molecular patterns (MAMPs) and the inflammasome. Brain Behav Immun 2013; 27: 1–7. 
Fleshner M, Frank M, Maier SF. Danger Signals and Inflammasomes: Stress-Evoked Sterile Inflammation in 
Mood Disorders. Neuropsychopharmacology 2017; 42: 36–45. 
Franco AJ, Chen C, Scullen T, Zsombok A, Salahudeen AA, Di S, et al. Sensitization of the Hypothalamic-
Pituitary-Adrenal Axis in a Male Rat Chronic Stress Model. Endocrinology 2016; 157: 2346–55. 
Fujigaki H, Yamamoto Y, Saito K. L-Tryptophan-kynurenine pathway enzymes are therapeutic target for 
neuropsychiatric diseases: Focus on cell type differences. Neuropharmacology 2017 
Geffken DF, Cushman M, Burke GL, Polak JF, Sakkinen PA, Tracy RP. Association between physical activity 
and markers of inflammation in a healthy elderly population. Am J Epidemiol 2001; 153: 242–50. 
Gibala MJ, McGee SL, Garnham AP, Howlett KF, Snow RJ, Hargreaves M. Brief intense interval exercise 
activates AMPK and p38 MAPK signaling and increases the expression of PGC-1α in human skeletal muscle. J 
Appl Physiol 2009; 106: 929–934. 
Gibney SM, McGuinness B, Prendergast C, Harkin A, Connor TJ. Poly I: C-induced activation of the immune 
response is accompanied by depression and anxiety-like behaviours, kynurenine pathway activation and reduced 
BDNF expression [Internet]. Elsevier Inc.; 2013Available from: http://dx.doi.org/10.1016/j.bbi.2012.11.010 
Gore FM, Bloem PJN, Patton GC, Ferguson J, Joseph V, Coffey C, et al. Global burden of disease in young 
people aged 10-24 years: A systematic analysis. Lancet 2011; 377: 2093–2102. 
Green HJ, Duhamel TA, Holloway GP, Moule JW, Ranney DW, Tupling AR, et al. Rapid upregulation of 
GLUT-4 and MCT-4 expression during 16 h of heavy intermittent cycle exercise. Am J Physiol Integr Comp 
Physiol 2008; 294: R594–R600. 
Greenberg PE, Fournier A-A, Sisitsky T, Pike CT, Kessler RC. The Economic Burden of Adults With Major 
Depressive Disorder in the United States (2005 and 2010). J Clin Psychiatry 2015; 76: 155–162. 
Grippo AJ, Scotti MAL. Stress and Neuroinflammation. Inflamm Psychiatry 2013; 28: 20–32. 
Grzybkowska A, Anczykowska K, Pyczek JM, Żychowska M. Increased levels of interleukin- 10 expression 
compared to interleukin-6 in the leukocytes of healthy subjects. Could this be useful in the future for the 
diagnosis of depression? Acta Neuropsychol 2018; 16: 243–248. 
Guillemin GJ. Quinolinic acid, the inescapable neurotoxin. FEBS J 2012; 279: 1356–1365. 
Guilliams TG, Edwards L. Chronic stress and the HPA Axis (Clinical practise) [Internet]. [cited 2019 Apr 26] 
Available from: http://www.pointinstitute.org/wp-content/uploads/2012/10/standard_v_9.2_hpa_axis.pdf 
Gurven M, Hill K. Why Do Men Hunt? Curr Anthropol 2009; 50: 51–74. 
Hamer M, Sabia S, Batty GD, Shipley MJ, Tabák AG, Singh-Manoux A, et al. Physical activity and 
inflammatory markers over 10 years: follow-up in men and women from the Whitehall II cohort study. 
Circulation 2012; 126: 928–33. 
Haroon E, Daguanno AW, Woolwine BJ, Goldsmith DR, Baer WM, Wommack EC, et al. Antidepressant 
- 31 - 
  
treatment resistance is associated with increased inflammatory markers in patients with major depressive 
disorder. Psychoneuroendocrinology 2018; 95: 43–49. 
Heneka MT, Golenbock DT, Latz E. Innate immunity in Alzheimer’s disease. Nat Immunol 2015; 16: 229–236. 
Heshmati M, Russo SJ. Anhedonia and the Brain Reward Circuitry in Depression. Curr Behav Neurosci Reports 
2015; 2: 146–153. 
Hirashawa A, Sato K, Yoneya M, Sadamoto T, Bailey DM, Ogosh S. Heterogeneous Regulation of Brain Blood 
Flow during Low-Intensity Resistance Exercise. Med Sci Sport Exerc 2016; 48: 1829–1834. 
Hirotsu C, Tufik S, Andersen ML. Interactions between sleep, stress, and metabolism: From physiological to 
pathological conditions. Sleep Sci (Sao Paulo, Brazil) 2015; 8: 143–52. 
Horak M, Zlamal F, Iliev R, Kucera J, Cacek J, Svobodova L, et al. Exercise-induced circulating microRNA 
changes in athletes in various training scenarios. PLoS One 2018; 13: e0191060. 
Howren MB, Lamkin DM, Suls J. Associations of depression with c-reactive protein, IL-1, and IL-6: A meta-
analysis. Psychosom Med 2009; 71: 171–186. 
Huang C-C, Wang T, Tung Y-T, Lin W-T. Effect of Exercise Training on Skeletal Muscle SIRT1 and PGC-1α 
Expression Levels in Rats of Different Age. Int J Med Sci 2016; 13: 260–70. 
Huang C-C, Wang T, Tung Y-T, Lin W-T. Effect of Exercise Training on Skeletal Muscle SIRT1 and PGC-1α 
Expression Levels in Rats of Different Age. Int J Med Sci 2016; 13: 260–70. 
Ibrahim K, Eilbott JA, Ventola P, He G, Pelphrey KA, McCarthy G, et al. Reduced Amygdala-Prefrontal 
Functional Connectivity in Children with Autism Spectrum Disorder and Co-Occurring Disruptive Behavior 
[Internet]. Biol Psychiatry Cogn Neurosci Neuroimaging 2019Available from: 
https://doi.org/10.1016/j.bpsc.2019.01.009 
Improta Caria AC, Nonaka CKV, Pereira CS, Soares MBP, Macambira SG, Souza BS de F. Exercise Training-
Induced Changes in MicroRNAs: Beneficial Regulatory Effects in Hypertension, Type 2 Diabetes, and Obesity. 
[Internet]. Int J Mol Sci 2018; 19[cited 2019 Apr 25] Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/30445764 
Irwin MR, Cole S, Olmstead R, Breen EC, Cho JJ, Moieni M, et al. Moderators for depressed mood and 
systemic and transcriptional inflammatory responses: a randomized controlled trial of endotoxin. 
Neuropsychopharmacology 2019; 44: 635–641. 
James SL, Abate D, Abate KH, Abay SM, Abbafati C, Abbasi N, et al. Global, regional, and national incidence, 
prevalence, and years lived with disability for 354 diseases and injuries for 195 countries and territories, 1990–
2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet 2018; 392: 1789–1858. 
Janeway C. Immunogenecity signals 1,2,3... and 0. Immunol Today 1989; 10: 283–286. 
Jang J, Huh YJ, Cho H-J, Lee B, Park J, Hwang D-Y, et al. SIRT1 Enhances the Survival of Human Embryonic 
Stem Cells by Promoting DNA Repair. Stem cell reports 2017; 9: 629–641. 
Jeon S-A, Lee E, Hwang I, Han B, Park S, Son S, et al. NLRP3 Inflammasome Contributes to 
Lipopolysaccharide-induced Depressive-Like Behaviors via Indoleamine 2,3-dioxygenase Induction. Int J 
Neuropsychopharmacol 2017; 20: 896–906. 
Jesulola E, Micalos P, Baguley IJ. Understanding the pathophysiology of depression: From monoamines to the 
neurogenesis hypothesis model - are we there yet? Behav Brain Res 2018; 341: 79–90. 
Jha MK, Jeon S, Suk K. Glia as a Link between Neuroinflammation and Neuropathic Pain. Immune Netw 2012; 
12: 41–7. 
Jha MK, Minhajuddin A, Gadad BS, Greer T, Grannemann B, Soyombo A, et al. Can C-reactive protein inform 
antidepressant medication selection in depressed outpatients? Findings from the CO-MED trial. 
Psychoneuroendocrinology 2017; 78: 105–113. 
Kahl KG, Rudolf S, Stoeckelhuber BM, Dibbelt L, Gehl H-B, Markhof K, et al. Bone Mineral Density, Markers 
of Bone Turnover, and Cytokines in Young Women With Borderline Personality Disorder With and Without 
Comorbid Major Depressive Disorder. Am J Psychiatry 2005; 162: 168–174. 
- 32 - 
  
Kapczinski F, Frey BN, Kauer-Sant’Anna M, Grassi-Oliveira R. Brain-derived neurotrophic factor and 
neuroplasticity in bipolar disorder. Expert Rev Neurother 2008; 8: 1101–1113. 
Kaufmann FN, Costa AP, Ghisleni G, Diaz AP, Rodrigues ALS, Peluffo H, et al. NLRP3 inflammasome-driven 
pathways in depression: Clinical and preclinical findings. Brain Behav Immun 2017; 64: 367–383. 
Kauppinen A, Suuronen T, Ojala J, Kaarniranta K, Salminen A. Antagonistic crosstalk between NF-κB and 
SIRT1 in the regulation of inflammation and metabolic disorders. Cell Signal 2013; 25: 1939–1948. 
Kegel ME, Bhat M, Skogh E, Samuelsson M, Lundberg K, Dahl ML, et al. Imbalanced Kynurenine Pathway in 
Schizophrenia. Int J Tryptophan Res 2014 
Kempuraj D, Mentor S, Thangavel R, Ahmed ME, Selvakumar GP, Raikwar SP, et al. Mast Cells in Stress, Pain, 
Blood-Brain Barrier, Neuroinflammation and Alzheimer’s Disease. Front Cell Neurosci 2019; 13: 54. 
Kempuraj D, Selvakumar GP, Zaheer S, Thangavel R, Ahmed ME, Raikwar S, et al. Cross-Talk between Glia, 
Neurons and Mast Cells in Neuroinflammation Associated with Parkinson’s Disease. J Neuroimmune Pharmacol 
2018; 13: 100–112. 
Kempuraj D, Thangavel R, Selvakumar GP, Zaheer S, Ahmed ME, Raikwar SP, et al. Brain and Peripheral 
Atypical Inflammatory Mediators Potentiate Neuroinflammation and Neurodegeneration [Internet]. Front Cell 
Neurosci 2017; 11[cited 2019 Apr 17] Available from: 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5522882/ 
Khandaker GM, Pearson RM, Zammit S, Lewis G, Jones PB, Khandaker, PhD, Rebecca M. Pearson, PhD, 
Stanley Zammit, PhD, Glyn Lewis, PhD, and Peter B. Jones P. Association of Serum Interleukin 6 and C-
Reactive Protein in Childhood With Depression and Psychosis in Young Adult Life : JAMA Psychiatry 2015; 
71: 1121–1128. 
Kimhy D, Vakhrusheva J, Bartels MN, Armstrong HF, Ballon JS, Khan S, et al. The impact of aerobic exercise 
on brain-derived neurotrophic factor and neurocognition in individuals with schizophrenia: A single-blind, 
randomized clinical trial. Schizophr Bull 2015; 41: 859–868. 
Kindler J, Lim CK, Weickert CS, Boerrigter D, Galletly C, Liu D, et al. Dysregulation of kynurenine metabolism 
is related to proinflammatory cytokines, attention, and prefrontal cortex volume in schizophrenia [Internet]. Mol 
Psychiatry 2019Available from: http://www.nature.com/articles/s41380-019-0401-9 
Kobayashi EH, Suzuki T, Funayama R, Nagashima T, Hayashi M, Sekine H, et al. Nrf2 suppresses macrophage 
inflammatory response by blocking proinflammatory cytokine transcription. Nat Commun 2016; 7: 11624. 
Koo J-H, Kang E-B, Oh Y-S, Yang D-S, Cho J-Y. Treadmill exercise decreases amyloid-β burden possibly via 
activation of SIRT-1 signaling in a mouse model of Alzheimer’s disease. Exp Neurol 2017; 288: 142–152. 
Kwan MY, Cairney J, Faulkner GE, Pullenayegum EE. Physical Activity and Other Health-Risk Behaviors 
During the Transition Into Early Adulthood. Am J Prev Med 2012; 42: 14–20. 
Lapchak PA, Araujo DM, Hefti F. Systemic interleukin-1 beta decreases brain-derived neurotrophic factor 
messenger RNA expression in the rat hippocampal formation. Neuroscience 1993; 53: 297–301. 
Li T, He S, Liu S, Kong Z, Wang J, Zhang Y. Effects of different exercise durations on Keap1-Nrf2-ARE 
pathway activation in mouse skeletal muscle. Free Radic Res 2015; 49: 1269–1274. 
Liao C, Feng Z, Zhou D, Dai Q, Xie B, Ji B, et al. Dysfunction of fronto-limbic brain circuitry in depression. 
Neuroscience 2012; 201: 231–238. 
Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L, et al. Neurotoxic reactive 
astrocytes are induced by activated microglia. Nature 2017; 541: 481–487. 
Linderholm KR, Skogh E, Olsson SK, Dahl M-L, Holtze M, Engberg G, et al. Increased levels of kynurenine 
and kynurenic acid in the CSF of patients with schizophrenia. Schizophr Bull 2012; 38: 426–32. 
Little JP, Safdar A, Bishop D, Tarnopolsky MA, Gibala MJ. An acute bout of high-intensity interval training 
increases the nuclear abundance of PGC-1α and activates mitochondrial biogenesis in human skeletal muscle. 
Am J Physiol Integr Comp Physiol 2011; 300: R1303–R1310. 
Little JP, Safdar A, Cermak N, Tarnopolsky MA, Gibala MJ. Acute endurance exercise increases the nuclear 
- 33 - 
  
abundance of PGC-1α in trained human skeletal muscle. Am J Physiol Integr Comp Physiol 2010; 298: R912–
R917. 
Liu H-W, Kao H-H, Wu C-H. Exercise training upregulates SIRT1 to attenuate inflammation and metabolic 
dysfunction in kidney and liver of diabetic db/db mice. Nutr Metab (Lond) 2019; 16: 22. 
Liu Y-Z, Wang Y-X, Jiang C-L. Inflammation: The Common Pathway of Stress-Related Diseases. Front Hum 
Neurosci 2017; 11: 316. 
Luczynski P, Moquin L, Gratton A. Chronic stress alters the dendritic morphology of callosal neurons and the 
acute glutamate stress response in the rat medial prefrontal cortex. Stress 2015; 18: 654–667. 
Lukiw WJ, Zhao Y, Jian GC. An NF-κB-sensitive micro RNA-146a-mediated inflammatory circuit in alzheimer 
disease and in stressed human brain cells. J Biol Chem 2008; 283: 31315–31322. 
Marlowe FW. Hunting and Gathering. Cross-Cultural Res 2007; 41: 170–195. 
Marrie RA, Walld R, Bolton JM, Sareen J, Walker JR, Patten SB, et al. Increased incidence of psychiatric 
disorders in immune-mediated inflammatory disease. J Psychosom Res 2017; 101: 17–23. 
Maslanik T, Mahaffey L, Tannura K, Beninson L, Greenwood BN, Fleshner M. The inflammasome and danger 
associated molecular patterns (DAMPs) are implicated in cytokine and chemokine responses following stressor 
exposure. Brain Behav Immun 2013; 28: 54–62. 
McLaughlin KA, Conron KJ, Koenen KC, Gilman SE. Childhood adversity, adult stressful life events, and risk 
of past-year psychiatric disorder: a test of the stress sensitization hypothesis in a population-based sample of 
adults. Psychol Med 2010; 40: 1647–58. 
McNutt MD, Liu S, Manatunga A, Royster EB, Raison CL, Woolwine BJ, et al. Neurobehavioral Effects of 
Interferon-α in Patients with Hepatitis-C: Symptom Dimensions and Responsiveness to Paroxetine. 
Neuropsychopharmacology 2012; 37: 1444. 
Menzies KJ, Singh K, Saleem A, Hood DA. Sirtuin 1-mediated Effects of Exercise and Resveratrol on 
Mitochondrial Biogenesis. J Biol Chem 2013; 288: 6968. 
Michalski B, Fahnestock M. Pro-brain-derived neurotrophic factor is decreased in parietal cortex in Alzheimer’s 
disease. Mol Brain Res 2003; 111: 148–154. 
Miranda AF, Boegman RJ, Beninger RJ, Jhamandas K. Protection against quinolinic acid-mediated 
excitotoxicity in nigrostriatal dopaminergic neurons by endogenous kynurenic acid. Neuroscience 1997; 78: 
967–975. 
Mogi M, Togari A, Kondo T, Mizuno Y, Komure O, Kuno S, et al. Brain-derived growth factor and nerve 
growth factor concentrations are decreased in the substantia nigra in Parkinson’s disease. Neurosci Lett 1999; 
270: 45–48. 
Monteleone P, Serritella C, Martiadis V, Maj M. Decreased levels of serum brain-derived neurotrophic factor in 
both depressed and euthymic patients with unipolar depression and in euthymic patients with bipolar I and II 
disorders. Bipolar Disord 2008; 10: 95–100. 
Morland C, Andersson KA, Haugen ØP, Hadzic A, Kleppa L, Gille A, et al. Exercise induces cerebral VEGF 
and angiogenesis via the lactate receptor HCAR1. Nat Commun 2017; 8: 15557. 
Morres ID, Hatzigeorgiadis A, Stathi A, Comoutos N, Arpin-Cribbie C, Krommidas C, et al. Aerobic exercise 
for adult patients with major depressive disorder in mental health services: A systematic review and meta-
analysis [Internet]. Depress Anxiety 2018[cited 2018 Dec 30] Available from: 
http://doi.wiley.com/10.1002/da.22842 
Morris MC, Compas BE, Garber J. Relations among posttraumatic stress disorder, comorbid major depression, 
and HPA function: A systematic review and meta-analysis. Clin Psychol Rev 2012; 32: 301–315. 
Morrison J, Larsen B, Cox AJ, Minahan C. The Post-Exercise Inflammatory Response to Repeated-Sprint 
Running in Hypoxia. J Sports Sci Med 2018; 17: 533. 
Nissen C, Holz J, Blechert J, Feige B, Riemann D, Voderholzer U, et al. Learning as a model for neural plasticity 
in major depression. Biol Psychiatry 2010; 68: 544–552. 
- 34 - 
  
Norheim F, Langleite TM, Hjorth M, Holen T, Kielland A, Stadheim HK, et al. The effects of acute and chronic 
exercise on PGC-1α, irisin and browning of subcutaneous adipose tissue in humans. FEBS J 2014; 281: 739–
749. 
O’Connor JC, Lawson MA, André C, Moreau M, Lestage J, Castanon N, et al. Lipopolysaccharide-induced 
depressive-like behavior is mediated by indoleamine 2,3-dioxygenase activation in mice. Mol Psychiatry 2009; 
14: 511–22. 
Pace TWW, Mletzko TC, Alagbe O, Musselman DL, Nemeroff CB, Miller AH, et al. Increased Stress-Induced 
Inflammatory Responses in Male Patients With Major Depression and Increased Early Life Stress. Am J 
Psychiatry 2006; 163: 1630–1633. 
Pal M, Febbraio MA, Whitham M. From cytokine to myokine: The emerging role of interleukin-6 in metabolic 
regulation. Immunol Cell Biol 2014; 92: 331–339. 
Pálmai-Pallag T, Bachrati CZ. Inflammation-induced DNA damage and damage-induced inflammation: A 
vicious cycle. Microbes Infect 2014; 16: 822–832. 
Pascoe MC, Parker AG. Physical activity and exercise as a universal depression prevention in young people: A 
narrative review [Internet]. Early Interv Psychiatry 2018[cited 2018 Dec 30] Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/30302925 
Pedersen BK, Steensberg A, Fischer C, Keller C, Keller P, Plomgaard P, et al. Searching for the exercise factor: 
is IL-6 a candidate? J Muscle Res Cell Motil 2003; 24: 113–9. 
Pekny M, Wilhelmsson U, Pekna M. The dual role of astrocyte activation and reactive gliosis. Neurosci Lett 
2014; 565: 30–38. 
Peng S, Wuu J, Mufson EJ, Fahnestock M. Precursor form of brain-derived neurotrophic factor and mature 
brain-derived neurotrophic factor are decreased in the pre-clinical stages of Alzheimer’s disease. J Neurochem 
2005; 93: 1412–1421. 
Penzo MA, Robert V, Tucciarone J, De Bundel D, Wang M, Van Aelst L, et al. The paraventricular thalamus 
controls a central amygdala fear circuit. Nature 2015; 519: 455–459. 
Pierozan P, Biasibetti-Brendler H, Schmitz F, Ferreira F, Pessoa-Pureur R, Wyse ATS. Kynurenic Acid Prevents 
Cytoskeletal Disorganization Induced by Quinolinic Acid in Mixed Cultures of Rat Striatum. Mol Neurobiol 
2018; 55: 5111–5124. 
Pittenger C, Duman RS. Stress, depression, and neuroplasticity: A convergence of mechanisms. 
Neuropsychopharmacology 2008; 33: 88–109. 
Plitman E, Iwata Y, Caravaggio F, Nakajima S, Chung JK, Gerretsen P, et al. Kynurenic Acid in Schizophrenia: 
A Systematic Review and Meta-analysis. Schizophr Bull 2017; 43: 764–777. 
Post M. Effects of psychosocial stress on the neurobiology of bpd.pdf. 1992: 999–1010. 
Pruimboom L, Raison CL, Muskiet FAJ. Physical Activity Protects the Human Brain against Metabolic Stress 
Induced by a Postprandial and Chronic Inflammation. Behav Neurol 2015; 2015 
Raetz CRH, Whitfield C. Lipopolysaccharide Endotoxins. Annu Rev Biochem 2002; 71: 635–700. 
Raison CL, Borisov AS, Broadwell SD, Capuron L, Woolwine BJ, Jacobson IM, et al. Depression During 
Pegylated Interferon-Alpha Plus Ribavirin Therapy: Prevalence and Prediction. J Clin Psychiatry 2005; 66: 41. 
Raison CL, Pikalov A, Siu C, Tsai J, Koblan K, Loebel A. C-reactive protein and response to lurasidone in 
patients with bipolar depression. Brain Behav Immun 2018; 73: 717–724. 
Rasmussen P, Brassard P, Adser H, Pedersen M V., Leick L, Hart E, et al. Evidence for a release of brain-
derived neurotrophic factor from the brain during exercise. Exp Physiol 2009; 94: 1062–1069. 
Rejdak K, Bartosik-Psujek H, Dobosz B, Kocki T, Grieb P, Giovannoni G, et al. Decreased level of kynurenic 
acid in cerebrospinal fluid of relapsing-onset multiple sclerosis patients. Neurosci Lett 2002 
Riddoch CJ, Andersen LB, Wedderkopp N, Harro M, Klasson-Heggebø L, Sardinha LB, et al. Physical Activity 
Levels and Patterns of 9- and 15-yr-Old European Children. Med Sci Sports Exerc 2004; 36: 86–92. 
- 35 - 
  
Rizos EN, Papathanasiou M, Michalopoulou PG, Mazioti A, Douzenis A, Kastania A, et al. Association of 
serum BDNF levels with hippocampal volumes in first psychotic episode drug-naive schizophrenic patients. 
Schizophr Res 2011; 129: 201–204. 
Robinson MM, Lowe VJ, Nair KS. Increased Brain Glucose Uptake After 12 Weeks of Aerobic High-Intensity 
Interval Training in Young and Older Adults. J Clin Endocrinol Metab 2018; 103: 221–227. 
Rothermundt M, Arolt V, Peters M, Gutbrodt H, Fenker J, Kersting A, et al. Inflammatory markers in major 
depression and melancholia. J Affect Disord 2001; 63: 93–102. 
Russell AP, Lamon S. Exercise, Skeletal Muscle and Circulating microRNAs. Prog Mol Biol Transl Sci 2015; 
135: 471–496. 
Safdar A, Little JP, Stokl AJ, Hettinga BP, Akhtar M, Tarnopolsky MA. Exercise increases mitochondrial PGC-
1alpha content and promotes nuclear-mitochondrial cross-talk to coordinate mitochondrial biogenesis. J Biol 
Chem 2011; 286: 10605–17. 
Sapp RM, Shill DD, Roth SM, Hagberg JM. Circulating microRNAs in acute and chronic exercise: more than 
mere biomarkers. J Appl Physiol 2017; 122: 702–717. 
Sartorius N. The economic and social burden of depression. J Clin Psychiatry 2001; 62 Suppl 15: 8–11. 
Savitz J, Dantzer R, Wurfel BE, Victor TA, Ford BN, Bodurka J, et al. Neuroprotective kynurenine metabolite 
indices are abnormally reduced and positively associated with hippocampal and amygdalar volume in bipolar 
disorder. Psychoneuroendocrinology 2015; 52: 200–211. 
Scalzo P, Kümmer A, Bretas TL, Cardoso F, Teixeira AL. Serum levels of brain-derived neurotrophic factor 
correlate with motor impairment in Parkinson’s disease. J Neurol 2010; 257: 540–545. 
Schuch FB, Vancampfort D, Richards J, Rosenbaum S, Ward PB, Stubbs B. Exercise as a treatment for 
depression: A meta-analysis adjusting for publication bias. J Psychiatr Res 2016; 77: 42–51. 
Sheedy FJ, Grebe A, Rayner KJ, Kalantari P, Ramkhelawon B, Carpenter SB, et al. CD36 coordinates NLRP3 
inflammasome activation by facilitating intracellular nucleation of soluble ligands into particulate ligands in 
sterile inflammation. Nat Immunol 2013; 14: 812–820. 
Sindhu S, Thomas R, Shihab P, Sriraman D, Behbehani K, Ahmad R. Obesity Is a Positive Modulator of IL-6R 
and IL-6 Expression in the Subcutaneous Adipose Tissue: Significance for Metabolic Inflammation. PLoS One 
2015; 10: e0133494. 
Sleiman SF, Henry J, Al-Haddad R, El Hayek L, Abou Haidar E, Stringer T, et al. Exercise promotes the 
expression of brain derived neurotrophic factor (BDNF) through the action of the ketone body β-
hydroxybutyrate. [Internet]. Elife 2016; 5[cited 2019 Apr 26] Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/27253067 
Sorrells SF, Caso JR, Munhoz CD, Sapolsky RM. The stressed CNS: when glucocorticoids aggravate 
inflammation. Neuron 2009; 64: 33–9. 
Steensberg A, Fischer CP, Keller C, Møller K, Pedersen BK. IL-6 enhances plasma IL-1ra, IL-10, and cortisol in 
humans. Am J Physiol Metab 2003; 285: E433–E437. 
Steensberg A, van Hall G, Osada T, Sacchetti M, Saltin B, Klarlund Pedersen B. Production of interleukin-6 in 
contracting human skeletal muscles can account for the exercise-induced increase in plasma interleukin-6. J 
Physiol 2000; 529 Pt 1: 237–42. 
Steensberg A, Keller C, Starkie RL, Osada T, Febbraio MA, Pedersen BK. IL-6 and TNF-α expression in, and 
release from, contracting human skeletal muscle. Am J Physiol Metab 2002; 283: E1272–E1278. 
Strahler J, Rohleder N, Wolf JM. Acute psychosocial stress induces differential short-term changes in 
catecholamine sensitivity of stimulated inflammatory cytokine production. Brain Behav Immun 2015; 43: 139–
148. 
Stranahan AM, Lee K, Martin B, Maudsley S, Golden E, Cutler RG, et al. Voluntary exercise and caloric 
restriction enhance hippocampal dendritic spine density and BDNF levels in diabetic mice. Hippocampus 2009; 
19: 951–961. 
- 36 - 
  
Stratigi K, Chatzidoukaki O, Garinis GA. DNA damage-induced inflammation and nuclear architecture. Mech 
Ageing Dev 2017; 165: 17–26. 
Streit, W. J., Mrak, R. E., & Griffin WS. Streit, W. J., Mrak, R. E., & Griffin, W. S. (2004). Microglia and 
neuroinflammation: a pathological perspective. Journal of neuroinflammation, 1(1), 14. doi:10.1186/1742-2094-
1-14. J Neuroinflammation 2004; 1: 14. 
Sugama S, Conti B. Interleukin-18 and stress. Brain Res Rev 2008; 58: 85–95. 
Syed SA, Beurel E, Loewenstein DA, Lowell JA, Craighead WE, Dunlop BW, et al. Defective Inflammatory 
Pathways in Never-Treated Depressed Patients Are Associated with Poor Treatment Response. Neuron 2018; 99: 
914–924.e3. 
Szuhany KL, Bugatti M, Otto MW. A meta-analytic review of the effects of exercise on brain-derived 
neurotrophic factor. J Psychiatr Res 2015; 60: 56–64. 
Tahamtan A, Teymoori-Rad M, Nakstad B, Salimi V. Anti-Inflammatory MicroRNAs and Their Potential for 
Inflammatory Diseases Treatment. Front Immunol 2018; 9: 1377. 
Taka C, Hayashi R, Shimokawa K, Tokui K, Okazawa S, Kambara K, et al. SIRT1 and FOXO1 mRNA 
expression in PBMC correlates to physical activity in COPD patients. Int J Chron Obstruct Pulmon Dis 2017; 
12: 3237–3244. 
Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell 2010; 140: 805–20. 
Tao H, Guo S, Ge T, Kendrick KM, Xue Z, Liu Z, et al. Depression uncouples brain hate circuit. Mol Psychiatry 
2013; 18: 101–111. 
Tilg H, Trehu E, Atkins M, Dinarello C, Mier J. Interleukin-6 (IL-6) as an anti-inflammatory cytokine: induction 
of circulating IL-1 receptor antagonist and soluble tumor necrosis factor receptor p55 [Internet]. Blood 1994; 
83[cited 2019 Apr 25] Available from: http://www.bloodjournal.org/content/83/1/113.long?sso-checked=true 
Tran H, Brunet A, Grenier JM, Datta SR, Fornace AJ, DiStefano PS, et al. DNA Repair Pathway Stimulated by 
the Forkhead Transcription Factor FOXO3a Through the Gadd45 Protein. Science (80- ) 2002; 296: 530–534. 
Trivedi MH, Rush AJ, Wisniewski SR, Nierenberg AA, Warden D, Ritz L, et al. Evaluation of Outcomes With 
Citalopram for Depression Using Measurement-Based Care in STAR*D: Implications for Clinical Practice. Am 
J Psychiatry 2006; 163: 28–40. 
Uher R, Tansey KE, Dew T, Maier W, Mors O, Hauser J, et al. An Inflammatory Biomarker as a Differential 
Predictor of Outcome of Depression Treatment With Escitalopram and Nortriptyline. Am J Psychiatry 2014; 
171: 1278–1286. 
Utter AC, Kang J, Nieman DC, Dumke CL, McAnulty SR, McAnulty LS. Carbohydrate Attenuates Perceived 
Exertion during Intermittent Exercise and Recovery. Med Sci Sport Exerc 2007; 39: 880–885. 
Vreeburg SA, Hoogendijk WJG, Pelt J van, DeRijk RH, Verhagen JCM, Dyck R van, et al. Major Depressive 
Disorder and Hypothalamic-Pituitary-Adrenal Axis Activity: Results From a Large Cohort Study. Arch Gen 
Psychiatry 2009; 66: 617–626. 
Wagner G, Herbsleb M, Cruz F de la, Schumann A, Brünner F, Schachtzabel C, et al. Hippocampal Structure, 
Metabolism, and Inflammatory Response after a 6-Week Intense Aerobic Exercise in Healthy Young Adults: A 
Controlled Trial. J Cereb Blood Flow Metab 2015; 35: 1570–1578. 
Wainwright SR, Galea LAM. The neural plasticity theory of depression: assessing the roles of adult 
neurogenesis and PSA-NCAM within the hippocampus. Neural Plast 2013; 2013: 805497. 
Wang P, Li CG, Qi Z, Cui D, Ding S. Acute exercise stress promotes Ref1/Nrf2 signalling and increases 
mitochondrial antioxidant activity in skeletal muscle. Exp Physiol 2016; 101: 410–420. 
Watson S, Gallagher P, Ritchie JC, Ferrier IN, Young AH. Hypothalamic-pituitary-adrenal axis function in 
patients with bipolar disorder. Br J Psychiatry 2004; 184: 496–502. 
Weber MD, McKim DB, Niraula A, Witcher KG, Yin W, Sobol CG, et al. The Influence of Microglial 
Elimination and Repopulation on Stress Sensitization Induced by Repeated Social Defeat [Internet]. Biol 
Psychiatry 2018; 0[cited 2018 Dec 9] Available from: 
- 37 - 
  
https://linkinghub.elsevier.com/retrieve/pii/S0006322318319425 
Wedell-Neergaard A-S, Lang Lehrskov L, Christensen RH, Legaard GE, Dorph E, Larsen MK, et al. Exercise-
Induced Changes in Visceral Adipose Tissue Mass Are Regulated by IL-6 Signaling: A Randomized Controlled 
Trial. Cell Metab 2019; 29: 844–855.e3. 
Weder N, Zhang H, Jensen K, Yang BZ, Simen A, Jackowski A, et al. Child abuse, depression, and methylation 
in genes involved with stress, neural plasticity, and brain circuitry. J Am Acad Child Adolesc Psychiatry 2014; 
53: 417–24.e5. 
Wium-Andersen MK, Ørsted DD, Nielsen SF, Nordestgaard BG. Elevated C-Reactive Protein Levels, 
Psychological Distress, and Depression in 73 131 Individuals. JAMA Psychiatry 2013; 70: 176. 
Wohleb ES, McKim DB, Sheridan JF, Godbout JP. Monocyte trafficking to the brain with stress and 
inflammation: A novel axis of immune-to-brain communication that influences mood and behavior. Front 
Neurosci 2015; 9: 447. 
Wrann CD, White JP, Salogiannnis J, Laznik-Bogoslavski D, Wu J, Ma D, et al. Exercise Induces Hippocampal 
BDNF through a PGC-1α/FNDC5 Pathway. Cell Metab 2013; 18: 649–659. 
Wunsch K, Wurst R, Kasten N, von Dawans B, Strahler J, Fuchs R. The influence of habitual and acute exercise 
on SNS and HPA axis responses to psychosocial stress – A randomized, controlled trial. 
Psychoneuroendocrinology 2017; 83: 77. 
Xie L, Kang H, Xu Q, Chen MJ, Liao Y, Thiyagarajan M, et al. Sleep drives metabolite clearance from the adult 
brain. Science 2013; 342: 373–7. 
YEHUDA R. Sensitization of the Hypothalamic-Pituitary-Adrenal Axis in Posttraumatic Stress Disorder. Ann N 
Y Acad Sci 1997; 821: 57–75. 
Yeung AWS, Terentis AC, King NJC, Thomas SR. Role of indoleamine 2,3-dioxygenase in health and disease. 
Clin Sci 2015; 129: 601–672. 
Yu H, Chen ZY. The role of BDNF in depression on the basis of its location in the neural circuitry. Acta 
Pharmacol Sin 2011; 32: 3–11. 
Zamanian JL, Xu L, Foo LC, Nouri N, Zhou L, Giffard RG, et al. Genomic analysis of reactive astrogliosis. J 
Neurosci 2012; 32: 6391–410. 
Zhang J-C, Yao W, Hashimoto K. Brain-derived Neurotrophic Factor (BDNF)-TrkB Signaling in Inflammation-
related Depression and Potential Therapeutic Targets. Curr Neuropharmacol 2016; 14: 721–31. 
Zschucke E, Renneberg B, Dimeo F, Wüstenberg T, Ströhle A. The stress-buffering effect of acute exercise: 
Evidence for HPA axis negative feedback. Psychoneuroendocrinology 2015; 51: 414–425. 
Zychowska M, Nowak-Zaleska A, Chruściński G, Zaleski R, Mieszkowski J, Niespodziński B, et al. Association 
of High Cardiovascular Fitness and the Rate of Adaptation to Heat Stress. Biomed Res Int 2018; 2018 
Figure 2: Reprinted from Neuropharmacology, Vol 112, Hidetsugu Fujigaki,Yasuko Yamamoto,Kuniaki Saito, 
L-Tryptophan-KP enzymes are therapeutic target for neuropsychiatric diseases: Focus on cell type differences, 
Pages No.264-274, Copyright (2017), with permission from Elsevier 
 
Figure 2: Reprinted from Neuropharmacology, Vol 112, Hidetsugu Fujigaki,Yasuko Yamamoto,Kuniaki Saito, 
L-Tryptophan-KP enzymes are therapeutic target for neuropsychiatric diseases: Focus on cell type differences, 
Pages No.264-274, Copyright (2017), with permission from Elsevier 
Figure 3: Reprinted from Cell, Vol 159, Leandro Z. Agudelo,Teresa Femenía,Funda Orhan,Margareta Porsmyr-
Palmertz,Michel Goiny,Vicente Martinez-Redondo,Jorge C. Correia,Manizheh Izadi,Maria Bhat,Ina Schuppe-
Koistinen,Amanda T. Pettersson,Duarte M.S. Ferreira,Anna Krook,Romain Barres et al., Skeletal Muscle PGC-
1α1 Modulates Kynurenine Metabolism and Mediates Resilience to Stress-Induced Depression, Pages No.33-45, 
Copyright (2014), with permission from Elsevier 
Figure 4: Reprinted from Cell Metabolism, Vol 18, Christiane D. Wrann,James P. White,John Salogiannnis,Dina 
Laznik-Bogoslavski,Jun Wu,Di Ma,Jiandie D. Lin,Michael E. Greenberg,Bruce M. Spiegelman, Exercise 
- 38 - 
  
Induces Hippocampal BDNF through a PGC-1α/FNDC5 Pathway, Pages No.649-659, Copyright (2013), with 
permission from Elsevier 
